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Abstract

The need for good indoor air quality is imperative for healthy living. In recent years, com-

putational models have become an important tool to aid understanding of the chemi-

cal transformations which arise following emissions of pollutants from indoor sources.

Models are particularly helpful where there are experimental or logistical challenges de-

termining the concentrations of indoor species. The aims of this thesis are, therefore,

to develop and improve a detailed indoor air chemical model focusing on three key el-

ements: indoor surfaces, indoor-outdoor exchange, and air cleaning, so developing im-

proved understanding their impacts on indoor air quality.

Modelling results showed that surface emissions were important indoors, both through

formation of secondary pollutants following surface oxidation, and through influenc-

ing indoor air pollutant concentrations depending on the surface composition within

a room. For instance, total secondary pollutant concentrations were found to be 6.7 ppb

in a kitchen, 4.8 ppb in an office and 5.8 ppb in a bedroom.

Through investigation of the impact of indoor activities on outdoor air, ventilation rates

and timing and frequency of cooking and cleaning controlled the emissions of volatile

organic compounds from indoors to outdoors. Total emissions following these activities

were estimated to be approximately 29% of those released from traffic in the UK.

Elevated ozone and radical concentrations followed simulated use of a far-UVC air clean-

ing device using light between 220 and 230 nm. Ozone and OH radical concentrations

reached 30.3 ppb and 2.3× 105 molecule cm−3 respectively, approximately 1200 and 500%

above baseline values, perturbing the subsequent chemistry.

This thesis contributes to an improved understanding of indoor air chemistry through

the development and use of a detailed chemical model. As outdoor air quality continues

to improve in the future, indoor sources of pollution will play an increasing role in our

exposure to air pollution both indoors and outdoors.
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Chapter 1

Introduction

1.1 What is air pollution and why is important?

According to the World Health Organisation, air pollution is the "contamination of the

indoor or outdoor environment by any chemical, physical or biological agent that mod-

ifies the natural characteristics of the atmosphere" (World Health Organisation, 2021a)

and affects 91% of the global population (World Health Organisation, 2023).

Environmentalists are becoming increasingly concerned about the impact air pollution

has on climate change and physical health. Air pollution was estimated to contribute to

nearly 7 million deaths a year in 2017, 9% of global deaths (World Health Organisation,

2023; Ritchie and Roser, 2017), with 3.4 million of these deaths considered premature

(GBD 2017 Risk Factor Collaborators, 2018). Guidelines are implemented worldwide to

prevent air pollution from impacting our health (World Health Organisation, 2021b); de-

spite this, some countries globally still exceed the WHO fine particulate matter (PM2.5)

exposure limit of 10 µg m−3 (Ritchie and Roser, 2019), as shown in Figure 1.1. Other out-

door air pollutants include ozone (O3), nitrogen dioxide (NO2) and sulfur dioxide (SO2)

(World Health Organisation, 2021b).

Exposure to PM2.5 (Buonanno et al., 2015) leads to respiratory and cardiovascular health

effects (Guo et al., 2023). The Global Burden of Disease Study found that in 2017, am-

bient particulate matter caused 2.94 million early deaths globally (GBD 2017 Risk Factor

24
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Figure 1.1: Percentage of the population of different countries exceeding the annual World Health
Organisation (WHO) concentration limit for fine particulate matter (PM2.5) of 10 µg m−3 (Source:
(Ritchie and Roser, 2019).

Collaborators, 2018). It also showed that there were 83 million DALYs (disability adjusted

life-years), with 73.6 million DALYs attributed to ambient particulate matter pollution.

About 1.64 million deaths in 2017 were attributed to household air pollution, mainly as

a result of solid fuel burning (GBD 2017 Risk Factor Collaborators, 2018). However, few

epidemiological studies to date have reported the effect of indoor pollution (as distinct

from outdoor air pollution) on health (Goldstein et al., 2021). Only in the last few years,

has attention focused more on indoor air pollution, how that affects our health, and the

importance of good indoor air quality in our homes.

Over the last century, much of the focus on air quality has been on the outdoor environ-

ment, owing to existing regulation. There has been little focus on indoor environments,

even though people spend approximately 90% of their time indoors in developed coun-

tries (Klepeis et al., 2001), whether sleeping, working or partaking in recreational activ-

ity. A shift in working patterns over recent decades has also resulted in more office jobs

(Felgueiras et al., 2023), shifting attention towards indoor air pollution (Van Tran et al.,

2020).

Figure 1.2 gives an overview of indoor air pollutants and their respective health effects.

Most of these pollutants are produced from common household activities as described in

Section 1.2. The emitted pollutants can have health impacts, but also react in the indoor
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environment with outdoor pollutants forming secondary products whose health impli-

cations are relatively unknown (Goldstein et al., 2021).

Figure 1.2: The common air pollutants present indoors along with their respective health im-
pacts. Figure adapted from source: Van Tran et al. (2020).

Among the most common indoor pollutants, particulate matter can infiltrate the lungs,

where the finer particulates can be transported into the alveoli (Cooper and Loxham,

2019). Particulate matter can also diffuse in the bloodstream, causing blood clots (Nelin

et al., 2012). In some extreme cases, particulate matter has been found to be present

in the brain (Peeples, 2020). Particulate matter has been strongly linked as a causation

of lung cancer in non-smokers (Buonanno et al., 2015), chronic obstructive pulmonary

disease (COPD) and risk of strokes (World Health Organisation, 2023).

Volatile organic compounds (VOCs) are ubiquitous indoors and some have recognised

health impacts. For instance, formaldehyde (HCHO) causes irritation to the eyes and

skin, and with prolonged exposure, can be carcinogenic (Swenberg et al., 2013). It is read-

ily produced through common household actions including candle burning and cooking

(Salthammer, 2019). Formaldehyde used to be directly added to cleaning and cosmetic

products as a preservative, to prevent bacteria from growing (Malinauskiene et al., 2015;

McDonnell and Russell, 1999), posing a potential health risk.
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Ozone can also be detrimental to health via indoor exposure. Direct inhalation of 1

ppm of ozone for four hours has been found to cause DNA and lung damage in rats

(Miller et al., 2018). It can also lower respiratory functionality (Huang et al., 2019). Ozone

concentrations however, tend to be low indoors and is unlikely to cause direct harm to

health but it can react with VOCs through ozonlysis reactions to form secondary pol-

lutants, many of which have unknown toxicity, including epoxides, hydroperoxides and

secondary ozonides (Goldstein et al., 2021). Epoxides can exhibit carcinogenic charac-

teristics through reaction with DNA (Zhou et al., 2017). Some of the functional products

resulting from ozonlysis reactions have been determined to cause endocrine disruption

in the hormone system, and some have even been proposed to cause autism and demen-

tia (Schrank et al., 2009; Birnbaum, 2013).

In summary, the health effects from indoor air pollution are understudied, but it is clear

that good indoor air quality is vitally important to human health. Many chemicals formed

indoors have unknown toxicities. There is a knowledge gap surrounding how detrimen-

tal these species are to physical health and how they are formed indoors. There needs

to be more research into the health implications of different indoor pollutants, so that

appropriate mitigation measures can be adopted.

1.2 Sources of Indoor Air Pollution

Many activities form pollutants indoors. These pollutants include an array of reactive

chemicals, which are the driving force of indoor chemistry. Figure 1.3 shows the many

different sources of indoor air pollution that could be present in a typical home. Recent

studies have indicated multiple factors affect the level of indoor air pollution, including

time of the day, amount of sunlight, ventilation, surface deposition, outdoor pollutant

concentration, moisture and occupant activities (Weschler and Carslaw, 2018).

Indoor air pollution does not only occur in the home (Yang et al., 2020; Uchiyama et al.,

2015; Li et al., 2019; Gilbert et al., 2006; Beldean-Galea et al., 2020; Walgraeve et al., 2011;

Shinohara et al., 2013), but also in offices (Destaillats et al., 2008; Brickus et al., 1998;
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Figure 1.3: A typical house with indoor air pollutant sources indicated.

Mandin et al., 2017; Nunes et al., 2019), schools (Bayati et al., 2021; Szabados et al., 2021),

and public places, such as cinemas (Stönner et al., 2018). Table 1.1 shows common in-

door pollutants found indoors and their respective emission sources.

Table 1.1: The major emission sources of indoor air pollutants (Sources: Van Tran et al. (2020);
DeLuca et al. (2022); Tran et al. (2019)).

Pollutant Major Emission Sources
Particulate Matter Outdoor air, cooking, combustion, candle burning, stoves, fireplaces,

(PM) cleaning and cigarette smoking
Volatile Organic Compounds Paints, varnishes, solvents, adhesives, wood, wax, buidling materials, air fresheners, plastics

(VOCs) cleaning materials, tobacco products, personal care products, furnishings, people
Nitrogen Oxides (NOx) Gas-fueled cooking and heating appliances

Ozone (O3) Outdoor sources, photocopiers, disinfectant devices
Sulfur Dioxide (SO2) Cooking stoves, fireplaces, outdoor air

Carbon Monoxide (CO) and Cooking stoves, tobacco smoking, fireplaces, outdoor air.
Carbon Dioxide (CO2)

Heavy metals Outdoor sources, fuel-consumption products, incense burning, building materials
Radon (Rn) Soil, building materials, tap water
Pesticides Disinfectants, herbicides, building materials, carpets

Biological Allergens House dust, pets, mould, pollen, plants
Microorganisms Bacteria, viruses, fungi

Per- and polyfluoroalkyl Cleaning materials, dust, food and water and personal care products
substances (PFAS)

Siloxanes Personal care products, dust and indoor surfaces
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Air pollution exposure in developed countries differs significantly to that in less devel-

oped countries. For example, less developed countries cook with solid fuels more often,

leading to poorer indoor air quality and prolonged health effects. According to Kim et al.

(2011) indoor living is considered to be a paradox, where there is a need to cook and clean

to live, yet these activities can contribute to indoor air pollution and in some cases, be a

detriment to our health.

Some pollutant concentrations indoors can be higher than outdoors (Lunderberg et al.,

2021). For instance, McDonald et al. (2018) found that volatile chemical product (VCPs)

concentrations were seven times higher indoors than outdoors. The health impact of

air pollution indoors has also been shown to be 2 to 5 times higher on humans than the

effect of outdoor air pollution (EPA, 2017).

1.2.1 Cooking

Cooking and heating appliances, such as stoves and ovens, produce large concentrations

of pollutants including the hydroxyl radical (OH), nitric oxide (NO), nitrogen dioxide

(NO2), nitrous acid (HONO), VOCs and PM2.5 (Wang et al., 2020a; Farmer et al., 2019;

Reidy et al., 2023). These pollutants are often directly inhaled as a result of standing in

the vicinity of the cooking source, and exposure can be accentuated if there is inadequate

ventilation. A study on the frying of fish determined that the concentrations of propanal,

butanal and benzene that were produced as a result was 0.23, 2.9 and 6.1 ppb respectively

(Ahn et al., 2014). The study also identified traces of ketones and fatty acids.

Particulate matter is also emitted by cooking, both from the ingredients that are being

charred or fried, and from the complete and incomplete combustion of the cooking fuel.

Kang et al. (2019) investigated the concentration of particulate matter produced from

different methods of cooking and found that the broiling of fish produced an average of

approximately 5000 µg m−3 for both PM2.5 and PM10. The WHO daily exposure limit for

PM2.5 and PM10 is 15 and 45 µg m−3 respectively (World Health Organisation, 2021b).

Reidy et al. (2023) investigated the impact on radical chemistry during preparation and
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cooking of a typical Thanksgiving meal as part of the HOMEChem campaign (Farmer

et al., 2019). The study found OH concentrations reached over 6.0 × 106 molecule cm−3

during the Thanksgiving cooking, with maximum HONO concentrations attaining ap-

proximately 45 ppb. These species attained higher indoor concentrations than outdoors.

Typical outdoor OH and HONO concentrations are 1.1 × 106 molecule cm−3 (Li et al.,

2018) and 0.9 ppb respectively (Lee et al., 2002). Chapter 5 expands on the sources and

impacts of indoor cooking.

1.2.2 Cleaning

Cleaning products produce an array of terpenes, bleach (sodium hypochlorite), and am-

monia (Nazaroff and Weschler, 2004). Bleach cleaning in particular is commonly under-

taken to disinfect homes, offices and other indoor settings. Hypochlorous acid (HOCl),

nitryl chloride (ClNO2) and chlorine (Cl2) are produced in high quantities during periods

of bleach cleaning. Mattila et al. (2020b) found that during a bleach cleaning experiment,

maximum HOCl, Cl2, and ClNO2 concentrations rose to approximately 400, 130 and 20

ppbv respectively from low baseline concentrations (< 5 ppbv for each species). Chapter

5 expands on the sources and impacts of indoor bleach cleaning.

Monoterpene-based cleaning products are also used for indoor disinfection. Limonene

and α-pinene are two commonly found monoterpenes in cleaning agents, giving citrus

and pine smells respectively (Rosales et al., 2022). During cleaning episodes, limonene

mixing ratios can increase significantly, increasing from 1 to 13 ppb in one study (Rossig-

nol et al., 2013).

During the COVID-19 pandemic, the need for clean and healthy indoor living environ-

ments was accentuated, which resulted in the development of air cleaning devices. These

air cleaning devices used a range of different methodologies including filtration, adsorp-

tion and UV light (Mata et al., 2022). One of the most popular was germicidal ultraviolet-C

(UVC) light (at a wavelength of 222 or 254 nm) to remove airborne pathogens and germs.

Many of these UVC air cleaning devices effectively removed COVID-19 (Nardell, 2021;
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Buonanno et al., 2020; Truong et al., 2023), but often at the expense of indoor air quality.

For instance, preliminary studies have identified a significant amount of ozone can be

produced from these cleaning devices (Link et al., 2023b; Peng et al., 2023a). The effect of

UVC photochemistry on indoor environments is explored further in Chapter 6.

1.2.3 Surfaces and Furnishings

Surfaces are an important source of indoor air pollution, with building and construction

attributed as one of the main sources of VOCs indoors (Ruiz-Jimenez et al., 2022). Carpets

and wood release primary emissions comprising of straight-chained aldehydes, includ-

ing formaldehyde and hexanal (Yrieix et al., 2010; Katsoyiannis et al., 2008). Other mate-

rials including paint, paper and gypsum board can also release VOCs, primarily aldehy-

des but also some ketones, via oxidation reactions at the surface (Morrison and Nazaroff,

2002a; Mason and Ceragioli, 2011; Poppendieck et al., 2007b; Cheng et al., 2015).

The primary emissions from, and the degradation of plastics, are further sources of in-

door air pollution, releasing VOCs (Beel et al., 2023). An increase in indoor tempera-

ture (to 28°C) caused concentrations of formaldehyde released by plastics to increase by

31.6%, which could further increase with climate change (Beel et al., 2023). Chapter 4

expands on the sources and impacts of indoor surfaces and furnishings.

1.2.4 Occupants, Personal Care Products and Household Objects

Humans are a source of indoor pollutants. We produce chemicals, such as squalene from

skin oil, (Wisthaler and Weschler, 2010) which can soil surfaces leading to ozonolysis re-

actions (Liu et al., 2021). Other VOCs including acetone, isoprene and methanol were

found be given off from human breath (Fenske and Paulson, 1999; Kruza and Carslaw,

2019; Wang et al., 2022a).

Not only are people sources of indoor pollutants, but the products brought into and used

in the home can also contribute to indoor pollution. These can include deodorants, per-

fumes, air fresheners and even toothpaste (Steinemann, 2021). Personal care products
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from bathing and showering produce VOCs (Yeoman et al., 2021). Yeoman et al. (2021)

determined that limonene, benzyl alcohol and ethanol were emitted during a showering

activity. The total amount of VOCs emitted from showering were 1.77 mg of limonene,

1.07 mg of benzyl alcohol and 0.33 mg of ethanol. Steinemann (2015) found a wide va-

riety of VOCs in fragranced consumer products, with the most prevalent being ethanol,

limonene, β-pinene and α-pinene.

A further common source of indoor air pollution is candle burning. Bekö et al. (2013)

undertook a study which analysed 56 homes in Denmark to determine the occupants’

exposure to particulate matter. In one of the homes, 97% of the occupants total daily

exposure to particulate matter was found to derive from candle burning.

Appliances that use electricity such as inkjet printers and computers form ozone indoors

(Weschler, 2006; Destaillats et al., 2008). Bakó-Biró et al. (2004) also showed that phenol

and toluene were emitted from PCs at emission rates of 63.0 µg h−1 and 47.0 µg h−1 re-

spectively per computer. The study also found traces of formaldehyde and long-chained

alkanes including decane (11.6 µg h−1) and undecane (7.6 µg h−1).

1.2.5 Outdoor Air

There have been many studies which focus on how air pollution from outdoor sources af-

fects outdoor air quality (Guenther, 1995; Veres et al., 2013; Lelieveld et al., 2015). These

outdoor sources are also a source of indoor air pollutants. The main method through

which outdoor pollutants affect indoor environments is through air exchange into build-

ings (Breen et al., 2014). Leaky and poorly insulated buildings will have a higher air

exchange rate, over 2 h−1, leading to outdoor pollutants infiltrating the home relatively

quickly. However, modern buildings with a lower air exchange rate, less than 0.2 h−1,

are more tightly sealed (Nazaroff, 2021). Outdoor pollutants can enter buildings through

open doors and windows (Abbatt and Wang, 2020).

In buildings with high ventilation rates, outdoor pollutants, such as ozone and particu-

late matter, can infiltrate the indoor environment and impact indoor air chemistry (Gold-
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stein et al., 2021). Once inside, the outdoor pollutants can react with indoor generated

pollutants. The reactions between outdoor and indoor pollutants form a myriad of sec-

ondary pollutants which are often detrimental to health (Weschler and Carslaw, 2018;

Carslaw, 2019; Goldstein et al., 2021; Link et al., 2023a). In the absence of indoor sources,

indoor concentrations of outdoor derived pollutants are often lower than outdoors, for

instance, Farmer et al. (2019) found that ozone concentrations were 3.5 higher outdoors

than indoors. The study also found that NO, NO2 and CO concentrations were 29, 1.4 and

4 times lower indoors than outdoors respectively.

1.3 The Chemistry of Indoor Air

Short-lived radical species form from chemical processes both indoors and outdoors.

These include the hydroxyl radical (OH), the hydroperoxy radical (HO2), organic per-

oxy radicals (RO2), the nitrate radical (NO3) and Criegee intermediates (Weschler and

Carslaw, 2018). It is considered that OH and O3 are the most important oxidants in in-

door chemistry (Young et al., 2019).

OH reacts with all hydrocarbons, whereas O3 only reacts with double-bonded species

such as terpenes, both resulting in the formation of secondary gas-phase multifunctional

compounds. Monoterpenes, such as limonene, α-pinene and linalool dominate the un-

saturated VOC mixture, driving O3 reactions, forming secondary organic aerosols (SOAs),

OH (which triggers further oxidation chemistry), HO2 and RO2. The ozone-terpene de-

rived products have high molecular weights, meaning they have a lower volatility so

can form particles. Nitrate radicals (NO3) can also react with unsaturated organic com-

pounds to form a variety of products. Figure 1.4 details how these different species can

be formed from reactions of O3, OH and NO3.
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Figure 1.4: The reported products formed indoors from reactions of indoor oxidants (ozone (O3),
hydroxyl radicals (OH) and nitrate radicals (NO3)) with unsaturated organic species. The green
sections indicate the product can be formed from the respective oxidant reaction. The red sec-
tions indicate the product cannot be formed from the respective oxidant reaction. Figure adapted
from source: Nazaroff and Weschler (2004).

The photolysis of O3 initiates ambient air chemistry during daylight hours. Between

wavelengths of 200 to 350 nm, the photolysis of O3 produces excited oxygen atoms. The

rate of this photochemical reaction indoors is slow compared to outdoors. Reaction 1.1

shows this photolysis reaction, where O* denotes the excited oxygen atom in the singlet
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D (1D) state.

O3 +hν
200 < λ < 350 nm−−−−−−−−−−−→O∗+O2 (1.1)

The primary fate of the excited oxygen atom is reaction with ambient oxygen (O2) or ni-

trogen (N2), to form the ground state oxygen atom (O3P) (Reaction 1.2). However, around

10% of the excited oxygen atoms (O*) react with water (H2O), forming OH radicals (Reac-

tion 1.3).

O∗+O2/N2 −→O +O2/N2 (1.2)

O∗+H2O −→ 2OH (1.3)

The ground state oxygen atom formed in Reaction 1.2, can react with O2 to form O3. The

process then repeats itself, enabling the production of more excited state oxygen atoms

to initiate the chemical reaction sequence (Finlayson-Pitts and Pitts Jr, 1986, 2000).

In areas with high levels of NOx, e.g. urban areas, OH reacts with the ingressed NO2 to

irreversibly form nitric acid (HNO3) (Reaction 1.4). Reaction with NO forms nitrous acid

(HONO) (Reaction 1.5), which can be photolysed (where 310 < λ < 400 nm), to form OH

and NO (Finlayson-Pitts and Pitts Jr, 2000) (Reaction 1.6).

OH +NO2 −→ H NO3 (1.4)

OH +NO −→ HONO (1.5)

HONO +hν
300 < λ < 400 nm−−−−−−−−−−−→OH +NO (1.6)

OH can also react with hydrocarbons to form a range of RO2. For example, the sim-

plest hydrocarbon, methane (CH4), which is present in ambient air from natural gas,
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will react with OH forming a methylperoxy radical (CH3O2) and H2O (Reaction 1.7). The

methylperoxy radical can subsequently react with NO to form an alkoxy radical, or in

this case methoxide (CH3O) (Reaction 1.8). The methylperoxy radical can also react with

HO2 to form methyl hydroperoxide (CH3OOH) (Reaction 1.9) (Gaffney and Marley, 2003;

Tyndall et al., 2001).

OH +C H4 +O2 −→C H3O2 +H2O (1.7)

C H3O2 +NO −→C H3O +NO2 (1.8)

C H3O2 +HO2 −→C H3OOH +O2 (1.9)

OH can react with carbon monoxide (CO), O3 or hydrogen (H2) to form HO2. Given the

HO2 can subsequently react with O3 and NO to form OH, these reactions are effectively

reversible. HO2 can also react with itself to form H2O2. Figure 1.5 summarises key routes

for indoor chemistry. It shows how indoor and outdoor rates differ. Many indoor rates

are much slower than outdoors, such as photolysis reactions. However, the reaction of

biogenic VOCs with OH is 6 times higher indoors than outdoors, indicating how indoor

reaction rates can be of a similar magnitude to those outdoors. Figure 1.5 also shows how

the rates of reaction of ozone with monoterpenes are approximately two times higher

indoors than outdoors.
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Figure 1.5: The key initiation (black arrows pointing into the radical), propagation (grey arrows)
and termination (black arrows pointing out of the radical) routes for the radicals involved in in-
door chemistry. The numbers in bold are rates of reaction for indoors, whereas, the normal font
numbers are rates of reaction outdoors taken from Emmerson et al. (2007). In the figure, A/MTs
refers to alkenes/monoterpenes, where PANs are peroxyacetylnitrates (Source: Carslaw (2007)).

Alkoxy radicals (RO) can also form aldehydes and HO2 in the presence of O2. For example,

CH3O can react to produce formaldehyde and HO2. Formaldehyde can be photolysed,

react with NO3 or OH. These are described in Reactions 1.10, 1.11, 1.12, 1.13 and 1.14.

C H3O +O2 −→ HC HO +HO2 (1.10)

HC HO +hν+O2 −→CO +2HO2 (1.11)

HC HO +hν+O2 −→ H2 +CO (1.12)

HC HO +NO3 −→ H NO3 +CO +HO2 (1.13)
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HC HO +OH +O2 −→ HO2 +CO (1.14)

Different reactions and chemical transformations can take place indoors which can alter

the air composition compared to outdoors (Weschler and Carslaw, 2018; Carslaw, 2019;

Nazaroff and Weschler, 2020). For example, the biggest difference between indoor and

outdoor O3 is its ability to react with chemicals in the gas-phase. As shown in Table 1.2,

97% of O3 outdoors reacts with NO to form NO2 and O2 (Tyndall et al., 2001), owing to

the fast rate of reaction. Indoor O3, however, can react with NO, deposit onto a surface,

or be vented outdoors.

Table 1.2: The probability of the fate of ozone (O3) in an indoor and an outdoor environment
(Source: (Weschler and Carslaw, 2018)).

What does Ozone do? Outdoor (%) Indoor (%)
Reacts with NO 97 ≈40

Reacts with unsaturated VOC ≈1 1
Deposition to a surface ≈1 ≈40

Photolysed ≈1 0
Removed through air exchange 0 20

1.4 Knowledge Gap

Indoor air chemistry is a relatively new field of study in comparison to outdoor atmo-

spheric chemistry. Consequently, there is still much to learn and discover about the

chemical processes and transformations that take place in an indoor setting. Currently,

there is a lack of understanding surrounding how oxidant deposition can affect radical

chemistry in different indoor microenvironments. It is important to understand how

rooms with varying surface area-to-volume ratios of materials will affect indoor pollu-

tant concentrations and how our exposure to these pollutants change over the course

of a typical day. Recently, there has been much focus on how outdoor air pollution can

affect indoor air chemistry, however, there has been little attention on how indoor air

pollution can affect outdoor urban environments. It is important to be able to categorise



CHAPTER 1. INTRODUCTION 39

which sources of indoor air pollution can affect outdoor air quality and which species can

be attributed to each source. Furthermore, since the COVID-19 pandemic, indoor UVC

air cleaning devices have become a popular choice to remove airborne pathogens. How-

ever, there is currently a lack of research determining how UVC light, emitted from these

devices, can affect indoor air chemistry and the subsequent production of secondary pol-

lutants. It is important to be able to understand how UVC photolysis affects indoor pol-

lutant concentrations and determine whether it is safe for further and future worldwide

distribution.

Modelling studies are an excellent way of exploring and detailing indoor chemistry, espe-

cially when experiments do not always provide the full picture. Experimental campaigns

are sometimes limited by logistics and cost, therefore, models can be used as an alter-

native to provide detailed estimates. Models can also be effectively used alongside field

campaigns, by incorporating experimental measurements to further provide a more ac-

curate and deeper understanding of indoor chemistry. The INdoor CHEMical Model in

Python, INCHEM-Py, is a detailed zero-dimensional indoor chemical box model which

provides predicted concentrations of indoor pollutants over time. INCHEM-Py is a help-

ful tool to further elucidate indoor gas-phase chemistry and categorise which sources of

indoor air pollution are key to the production of certain species and how they degrade

indoors. INCHEM-Py is constrained by experimental data where possible (see Chapter

3), and is an excellent tool to provide an overall outlook of indoor air chemistry.

1.5 Thesis Aim

The primary aim of this thesis is to further develop INCHEM-Py to better represent in-

door air chemistry and the myriad of gas-phase processes and transformations that take

place. This improved model will be used to analyse how surface chemistry, indoor-

outdoor exchange and UVC photochemistry can affect the production of both radicals

and secondary pollutants in an indoor environment. These three aspects of indoor

chemistry are key to further understanding the complex nature of air chemistry and re-

sults from this thesis can be used to find new methods of improving indoor air quality
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both now and into the future.

1.6 Thesis Objectives

The main objectives of this thesis are:

• The improvement and development of the INdoor CHEmical Model in Python

(INCHEM-Py) to include new chemical degradation mechanisms, and to update and ex-

pand outdoor VOC concentrations.

• Update and expand the representation of surface interactions in INCHEM-Py and in-

vestigate how this affects different indoor microenvironments.

• Use INCHEM-Py to evaluate how indoor activities (specifically cooking and cleaning)

affect indoor and outdoor air quality and explore the interplay of pollutants at the in-

door/outdoor interface.

• Develop INCHEM-Py to include photolysis between 200-300 nm and determine how

light in this wavelength range affects indoor gas-phase chemistry.

1.7 Thesis Structure

The chapters which make up the thesis are structured accordingly:

Chapter 2: This chapter provides a detailed literature review of how indoor air quality

modelling has changed over time. It also describes how current models are being used

and developed to further broaden our knowledge of indoor chemistry.

Chapter 3: This chapter describes the methodology of INCHEM-Py and the development

and updates for this thesis. The enhancements to the model include an improved repre-

sentation of outdoor VOCs, and the addition of new chemical mechanisms. The impact

of these new additions is also quantified.
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Chapter 4: This chapter examines the impact of surface deposition of ozone and hydro-

gen peroxide onto different indoor materials and the subsequent chemical interactions.

It also quantifies the impacts of surface interactions on indoor air pollutant concentra-

tions.

Chapter 5: This chapter describes the impact that indoor cooking and cleaning have on

the indoor and outdoor environment for a typical house and along an urban street.

Chapter 6: This chapter examines the effect of UVC photochemistry on the indoor envi-

ronment, through incorporation of photolysis in the 200-300 nm wavelength region into

INCHEM-Py.

Chapter 7: This chapter summarises the results of the thesis, explores how they have

impacted indoor air chemistry research and provides proposals for future study.



Chapter 2

Literature Review

2.1 Introduction

There is a good understanding of outdoor air pollution and its health effects, but much

less understanding of indoor air chemistry, where, use of everyday chemical products,

the infiltration of outdoor pollutants and the resulting transformations, can result in high

levels of indoor air pollution. Over time, indoor air pollution has become an increasingly

important topic. The chemistry of indoor environments is complex and our understand-

ing of the field has been aided by the development of models to help process and analyse

experimental data. This chapter describes the development of indoor air chemistry mod-

els and how, over time, models have been updated and improved based on breakthroughs

in the field.

2.2 The Evolution of Modelling Indoor Air Chemistry

Modelling has rapidly progressed our understanding of indoor air chemistry over the last

40 years. It is a useful addition to understand indoor chemistry, particularly when ex-

perimentation is limited by accuracy, sensitivity, logistics and cost. Models enable an

exploration of the impact of building and environmental variables, such as air exchange

rate, temperature and humidity, on indoor air chemistry (Shiraiwa et al., 2019). This of-

ten means that more, insightful data is produced that would be challenging to extract

42
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using measurements alone. Models have to be developed and evaluated if they are to

yield useful information. Working in tandem with experimentalists often yields the most

robust modelling systems. Experiments often identify what data and aspects are missing

in models, and provide guidance for future inputs.

The first indoor air mathematical model was created by Nazaroff and Cass in 1986. This

model simulated pollutants which were chemically reactive in an indoor environment

(Nazaroff and Cass, 1986). The model predicted the concentrations of important in-

door species, including NO, NO2, O3, HNO3, peroxyacetylnitrates (PAN), NO3 and HCHO

among others, in a simulated indoor gallery in California. Nazaroff and Cass used differ-

ential equations to simulate the change of concentration of a chemical species over time

(Equation 2.1).

dC

d t
= S −LC (2.1)

In Equation 2.1, dC
d t represents the change of concentration of a chemical species over

time or the rate of change of a species’ concentration, where C is the concentration of a

chemical species indoors. S represents the sum of all source terms, including emissions

and ingress from outdoors. L represents the total value of all sink terms, including loss

to surfaces and chemical reactions. The model considered ventilation, chemical kinetics,

photolysis rates, heterogeneous reactions, direct emissions and outdoor concentrations

(Nazaroff and Cass, 1986).

The model was used to analyse pollutant concentrations for the Virginia Steele Scott

Gallery, USA (Nazaroff and Cass, 1986). This was to ensure the concentrations of cer-

tain species, such as SO2, NOx and O3 were being sufficiently controlled, in order to pre-

serve rare books and archives from degrading and deteriorating. The rotting of antiques

can occur with high levels of pollutants and elevated humidity (Güneş et al., 2022). The

building had a surface area of 3060 m2 and a total volume of 2530 m3 (Nazaroff and Cass,

1986).

The model included a variety of source inputs for different species. For example, an in-
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door hydrocarbon source and an indoor NOx source was added, representing a preserva-

tion laboratory and cooking in a cafeteria respectively. Model sensitivity was also tested,

such as through an assumption of ’low NO2 wall loss’, where the deposition velocity for

NO2 was set to zero. This allowed Nazaroff and Cass to explore gas-phase NO2 chemistry

assuming no loss to surfaces. Other scenarios included; excluding chemistry and switch-

ing all internal surfaces to glass. The different scenarios enabled Nazaroff and Cass (1986)

to determine the average modelled concentrations of indoor pollutants which would oth-

erwise be difficult to determine experimentally. The modelled concentrations for a vari-

ety of pollutants in the Scott Gallery are given in Figure 2.1.

Figure 2.1: The average concentrations of modelled pollutant concentrations in the Scott Gallery
under a variety of scenarios. The measured indoor and outdoor concentrations are given as a
comparison. Some of the outdoor concentrations have been simulated due to a lack of data. In
the figure, HC refers to hydrocarbon (Source: Nazaroff and Cass (1986)).
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The modelled pollutant concentrations in the base case simulation compared well to the

measured indoor concentrations for O3, NO and NO2 in the gallery. The results also pro-

vided a good comparison between indoor and outdoor pollutant concentrations. The

results in Figure 2.1 showed how we may be able to modify indoor environments to pro-

vide more controlled pollutant concentrations without the need for measurements. This

model and study revolutionised indoor air chemistry and there has been a rapid advance-

ment in indoor chemistry modelling since it was developed by Nazaroff and Cass (1986).

New parameters and ways of thinking had to be developed, particularly around exchange

with outdoors and indoor sources.

The model reported by Tichenor and Mason (1988), predicted indoor air pollutant con-

centrations by incorporating known emissions from building and construction materi-

als, including silicone caulk. The model considered ventilation, temperature and source

emissions. Tichenor and Mason (1988) found that after the addition of 227 g of silicone

caulk into a 14.5 m3 bathroom, the concentrations of ketones, alcohols and esters all

increased (Figure 2.2). The concentrations of these functional groups reached concen-

trations of above 700, 500 and 300 µg m−3 respectively. After 10 hours, the concentrations

of ketone and ester had almost dissipated (<0.1 µg m−3), with the elevated alcohol con-

centrations sustained for around 100 h (<0.1 µg m−3).

Figure 2.2: The modelled concentrations of a ketone, alcohol and an ester upon the addition of
227 g of silicone caulk in a bathroom (Source: Tichenor and Mason (1988)).
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Nazaroff and Cass (1989) further developed their model through integration of an in-

door aerosol dynamics component, which considered particle deposition velocities, par-

ticle collision frequency and sectional mean coagulation coefficients (Nazaroff and Cass,

1989). The model was tested by evaluating how indoor cigarette smoke interacted as an

indoor aerosol. It was difficult to measure the success of the model as at this point, there

were few experimental studies which detailed how cigarette aerosols behaved indoors

(Nazaroff and Cass, 1989). It did show however, that despite the lack of experimental

evidence, these simulations can be used alongside, and in place of, experiments to un-

derstand the indoor environment.

Cano-Ruiz et al. (1993) predicted indoor deposition velocities, through a model that ex-

amined the kinetics of the interactions at a gas-surface interface, and conceptualised re-

action probability values for common indoor surfaces such as glass, concrete and paint

for their respective reactions with ozone. Previously, Nazaroff and Cass (1989) incorpo-

rated the deposition velocities of particles and gas-phase species onto indoor surfaces.

However, they assumed the surface uptake was fast and limited by mass transport. Cano-

Ruiz et al. (1993) went a step further and integrated surface kinetics into their model by

incorporating reaction probability (γ). This described the surface-pollutant interactions

in the model, as defined by Equation 2.2.

γ= pollutant removal rate

pollutant collision rate
(2.2)

The reaction probability determines how much of a pollutant is removed from a surface.

For example, if γ is zero there is no removal of a pollutant onto a surface, but if γ equals

one, the pollutant is completely removed by a surface (Cano-Ruiz et al., 1993). This en-

abled their model to utilise how different surfaces affect pollutant uptake in an indoor

environment.

Morrison and Nazaroff (2002b) went a step further and incorporated ozone deposition

onto specific surfaces, developing a module which predicted reaction probabilities of

ozone onto carpets, both the fibers and the backing material. Carpets have large surface
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areas and are common in many homes: they have a complex surface due to the con-

trasting thickness and fibres used. Ozone can react with the fibres in the carpet forming

secondary products (Morrison and Nazaroff, 2002a). The model succeeded in simulating

ozone uptake on a carpet using mass transport and diffusion equations. The schematic

used in the Morrison and Nazaroff (2002b) model for the uptake of ozone onto a carpet

is shown in Figure 2.3.

Figure 2.3: The schematic for the uptake of ozone onto a carpeted surface in the Morrison and
Nazaroff (2002b) model. νd is the deposition velocity of ozone, h is the carpet depth, γ, γf and
γb are the reaction probabilities of ozone for the overall carpet, the carpet fibre and the carpet
backing respectively, C is the ozone concentration, Af/Vfm is the surface area-to-volume ratio of
the carpet fibres (Source: Morrison and Nazaroff (2002b)).

The deposition velocity of ozone onto a carpet was determined be between 0.016 and

0.064 cm s−1, consistent with experimentally measured values (Morrison and Nazaroff,

2002b). The study also found that carpet backing can uptake the same amount of ozone

as the fibres, even given the higher surface area-to-volume ratio of the fibres. For the

first time, deposition velocities of ozone were able to be predicted for carpeted surfaces.

This led to further studies identifying the uptake of ozone (Poppendieck et al., 2007a) and

other oxidants onto different types of surfaces (Poppendieck et al., 2021).

Liu et al. (2014) incorporated semi-volatile organic compounds (SVOCs) and their parti-

tioning between airborne particles and the gas-phase into their model, to determine the
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environmental fate of SVOCs in the indoor and outdoor environments and how they af-

fected human health. The partitioning between SVOCs and particles were incorporated

into this model for both outdoor and indoor scenarios. The model simulated the size

and distribution of indoor and outdoor particles, including polycyclic aromatic hydro-

carbons (PAHs) from SVOCs (Liu et al., 2014). The simulations provided understanding

into how indoor particulate matter forms and the expected size distribution in an indoor

and outdoor environment.

The first model to consider detailed indoor chemistry was that developed by Carslaw

(2007), using a ‘near-explicit’ chemical mechanism. The ‘Indoor Detailed Chemical

Model’ (INDCM) was based on the Master Chemical Mechanism (MCM), which provided

degradation reactions for VOCs following oxidation (Jenkin et al., 1997). The MCM is reg-

ularly updated to include information for new species as they become available. For ex-

ample, Jenkin et al. (2015) describes the degradation of isoprene which consisted of 602

closed shell and free radical species and 1926 reactions. Isoprene plays a key role in in-

door air chemistry given it is emitted from breathing and is considered one of the most

abundantly released non-methane VOC in the atmosphere (Jenkin et al., 2015). The MCM

also includes photolysis reactions for species which dissociate in the presence of light.

The INDCM did not use any lumping of reactions or surrogate species, a ‘representa-

tive’ species assumed to be a proxy for a certain class or functional group of chemicals

(Carslaw, 2007). The purpose of the INDCM was to simulate indoor air pollutant concen-

trations in urban homes, schools and offices throughout the UK. The model included ap-

proximately 15,400 reactions, whilst utilising around 4,700 species (Carslaw, 2007). The

initial model included deposition onto surfaces, basic surface emissions, chemical and

photolysis reactions, and exchange with outdoor air.

Carslaw et al. (2012) upgraded the INDCM to include 41 gas- to particle-phase partition-

ing for limonene oxidation products. Limonene, a cyclic monoterpene, is the most dom-

inant terpene in indoor chemistry and drives secondary organic aerosol (SOA) formation

indoors. Figure 2.4 shows the major gas- and particle-phase products and the oxidation

pathways of limonene following cleaning with a limonene-based product. The volatility
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of each of these products determines whether it exists predominantly in the gas-phase

or particle-phase. This model was used to simulate cleaning, through the addition of

200 ppb of limonene in a typical home setting for 30 minutes, based on observations by

Singer et al. (2006). The surface area-to-volume ratio of the room was 3 m−1 and the air

change rate was 0.76 air changes per hour (Carslaw, 2013). The concentrations of pol-

lutants were averaged between the hours of 10 am and 2 pm and ranked accordingly by

the difference in concentration between periods with and without cleaning. The con-

centration of ozone in the model in this study was approximately 5 ppb (Carslaw, 2013).

LIMKET (4-acetyl-1-methyl-1-cyclohexene) and C729CHO (structure given in Figure 2.4)

had differential concentrations of 1,744 and 898 ppt, whilst PAN, glyoxal and formalde-

hyde had differential concentrations of 567, 479 and 426 ppt respectively. Limonene

cleaning can therefore efficiently produce secondary products in a home environment

(Carslaw, 2013).

Figure 2.4: The oxidation of limonene by ozone following cleaning. The numbers on the
schematic represent the rates of reaction (units of 1 × 105 molecule cm−3 s−1). The bold num-
bers represent the key particle-phase species, whereas the species in grey denote key species that
are predominantly in the gas-phase. The reactant and product names in the figure refer to species
names from the Master Chemical Mechanism (Source: Carslaw (2013)).
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Kruza et al. (2020) implemented gas-to-particle partitioning for α-pinene. 136 gas-phase

oxidation products were identified following α-pinene oxidation which were thought

likely to partition to the particle-phase. These were non-radical species and contained

more than 5 carbon atoms, and were assumed to undergo gas-to-particle partitioning

according to Pankow (1994). Gas-to-particle partitioning was also added to the INDCM

for β-pinene. The INDCM model was recently refactored to an open-source model using

Python (Shaw and Carslaw, 2021; Shaw et al., 2023), named INCHEM-Py. INCHEM-Py is

the model used in this thesis and it is described in detail in Chapter 3.

2.3 The Modelling Consortium for Chemistry of Indoor

Environments

The Modelling Consortium for Chemistry in Indoor Environments (MOCCIE) involves

a number of research groups working on the progression and development of models

for indoor air chemistry. The consortium was initiated from the Chemistry of Indoor

Environments program funded by the Alfred P. Sloan Foundation in 2017, initially for two

years. Due to the success of the first MOCCIE program (MOCCIE 1), two further MOCCIE

programs (MOCCIE 2 and MOCCIE 3) were funded by the Alfred P. Sloan Foundation,

with the MOCCIE projects finishing in 2024.

The MOCCIE groups use models that incorporate computational fluid dynamics (CFD),

molecular dynamics, kinetic processes, gas-phase chemistry, and organic aerosol chem-

istry across varying temporal and spatial scales (Shiraiwa et al., 2019). These temporal

scales range from nanoseconds to days, with the spatial scale ranging from nanometres

to tens of metres (Shiraiwa et al., 2019) (Figure 2.5).
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Figure 2.5: The spatial and temporal scales of different models used to study indoor chemistry in
the Modelling Consortium for Chemistry in Indoor Environments (MOCCIE). In the figure, SVOC
and SOA are referred to as semi-volatile organic compound and secondary organic aerosol re-
spectively (Source: Shiraiwa et al. (2019)).

The aims and objectives of MOCCIE were (Shiraiwa et al., 2019):

• To determine gaps in our knowledge of the processes and transformations of indoor

chemistry.

• To guide the design of field campaigns and experimental studies by providing predicted

measurements of indoor species, also helping to identify the parameters driving model

uncertainty.

• To use models to assist with the analysis of experimental field campaigns and underpin

species or measurements that would have been difficult to determine experimentally.

MOCCIE provides a framework for indoor air models to be developed, whilst utilising

experimental data from various studies, including the work from HOMEChem (Farmer

et al., 2019). Its goal was to develop physical-chemical models which considered surface,
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particle-phase, and gas-phase chemistry in indoor microenvironments. The models also

needed to consider the impact of building properties, people and occupants and regular

indoor activities such as cooking or cleaning.

The aim of MOCCIE was never to provide a unified model, rather to exploit links be-

tween the models, using them to inform and develop each other, whilst encapsulating

the complex nature of indoor air chemistry. Figure 2.6 provides an overview of the differ-

ent models in the consortium, and how each is being used and developed to contribute

to indoor chemistry research. It also shows how the different models and modelling areas

have been interconnected to further yield insightful information about a particular topic

or area of focus (Shiraiwa et al., 2019).

Figure 2.6: The different modelling areas in the Modelling Consortium for Chemistry in Indoor
Environments (MOCCIE) and connections between them. In the figure, INDCM is referred to as
the indoor detailed chemical model (see Section 2.2). CFD is referred to as computational fluid
dynamics (Source: Shiraiwa et al. (2019)).

The following sections provide an overview of the different models and research areas

that are currently used to categorise indoor chemistry through the MOCCIE project.
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2.3.1 Molecular Dynamics Modelling

Molecular dynamics modelling represents the smallest temporal and spatial scale in the

MOCCIE schematic (Figure 2.5) dealing with time scales of nanoseconds and spatial

scales of nanometres. This type of modelling is used to understand the molecular dy-

namics of electron and proton transfer, as well as photolysis reactions in liquid-surface

interfaces and in the gaseous phase (Gerber and Sebek, 2009; Gerber et al., 2015). The

molecular dynamics area of MOCCIE is led by Doug Tobias of the University of Califor-

nia, Irvine, USA and has been applied to analysis of molecules moving across the skin-air

interface, as well as molecular interactions on surfaces.

Fang et al. (2019) investigated the interactions of limonene, benzene, cyclohexene and

cyclohexane with hydroxylated silicon dioxide (SiO2) using ab initio molecular dynamics

(AIMD). The SiO2 is hydrophilic and is the main component of glass, a surface which is

commonly found indoors. Fang et al. (2019) found that benzene and cyclohexene showed

π-hydrogen bonding with OH groups that were present on the glass surface. Cyclohexane

however showed interaction with the same OH groups through forces of dispersion. This

observation demonstrated that the interaction between limonene and glass was stronger

than the interactions of glass with the other species, with the cyclohexane interaction the

weakest (Fang et al., 2019).

Following on from the work by Fang et al. (2019), Frank et al. (2020) investigated the inter-

action of water which had adsorbed onto a glass surface (SiO2) with adsorbed limonene.

The aim of the study was to understand how this interaction changed as relative hu-

midity varied indoors. This study also utilised ab initio molecular dynamics (AIMD) and

force field-based molecular dynamics. It found that as the relative humidity increased,

limonene was still attached to the SiO2 surface and was not completely displaced by the

increase in adsorbed water (Figure 2.7). Even when the relative humidity was approxi-

mately 80%, over half of the limonene was still attached to the surface (Frank et al., 2020).

These simulations are key to understanding how these types of species interact with sur-

faces indoors at the molecular level. It can provide a base to understand how other or-
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ganic species interact with surfaces, potentially leading to the creation of indoor sensors

(Frank et al., 2020).

Figure 2.7: An output from ab initio molecular dynamics (AIMD) simulations detailing the effect
of limonene interactions with silicon dioxide (SiO2) with an increase in indoor relative humid-
ity (RH). The yellow molecules represent silicon, the red molecules represent oxygen, the white
molecules represent hydrogen and the light blue molecules represent carbon (Source: Frank et al.
(2020)).

Other molecular dynamic simulation studies performed through MOCCIE, investigated

the interaction between other species on SiO2 including oxygenated organic compounds

(Huang et al., 2021b), cyclic monoterpenes (Huang et al., 2021a), carvone (Fan et al.,

2022) and 6-methyl-5-hepten-2-one (6-MHO) which is a key product of skin oil ozonol-

ysis (Frank et al., 2023). The Tobias group also investigated the molecular dynamics of

skin oils, including the orientation of squalene, commonly found in human skin oils

(Wisthaler and Weschler, 2010; Weschler, 2016), at the skin-air interface (Von Domaros

et al., 2021). The study identified a preferred orientation for squalene, which helped to

understand its reactivity indoors, especially through ozonolysis reactions (Von Domaros

et al., 2020). Studies like these help to identify the interactions of indoor pollutants with

indoor surfaces and their subsequent impact on the indoor chemistry.
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2.3.2 Kinetic Process Modelling

The kinetic process modelling activities within MOCCIE are led by Manabu Shiraiwa at

the University of California, Irvine, USA and Glenn Morrison at the University of North

Carolina, Chapel Hill, USA. These activities have mainly involved consideration of the

kinetics and mass transport at the skin-air-clothing interface.

Lakey et al. (2017) developed a model to predict chemical reactions at the gas-skin inter-

face called the KM-SUB-Skin model. The model was able to accurately predict concen-

trations of squalene (found in skin oil) ozonlysis products over time (Lakey et al., 2017).

The study used a development of the KM-SUB model (Shiraiwa et al., 2010), which was

previously used to determine the impact of bulk diffusion on the rate of uptake of oleic

acid ozonolysis particles onto surfaces (Shiraiwa et al., 2010). Lakey et al. (2017) found

that when exposed to approximately 30 ppb of ozone indoors, the concentration of prod-

ucts which are formed from skin oil ozonolysis can reach several ppb.

Lakey et al. (2019) also investigated the impact of clothing on skin oil ozonolysis products

and ozone. The addition of skin and clothing bulk chemistry and a new boundary and

clothing layer, allowed the production of a new model called the KM-SUB-Skin-Clothing

model (Lakey et al., 2019), which is a further extension of the KM-SUB-Skin model (Lakey

et al., 2017). The model structure is shown in Figure 2.8 (Lakey et al., 2019). This enabled

Lakey et al. (2019) to predict the lifetime of squalene on clothing surfaces and the con-

centration under various indoor conditions, such as with high and low ambient ozone

concentrations present.

The parameters of three experimental datasets were inputted into the KM-SUB-Skin-

Clothing model (Lakey et al., 2019). The first experimental dataset consisted of soiled t-

shirts exposed to ozone in a 28.5 m3 chamber with an air change rate of 3 hr−1 (Wisthaler

et al., 2005). The second dataset consisted of a worn 250 cm2 cotton shirt in a 10.5 L

chamber where the air change rate was 23 hr−1 (Coleman et al., 2008). The third dataset

was based on Rai et al. (2014), who exposed worn 0.9 m2 cotton shirts to ozone in a 5.1

m3 chamber, with air change rates of 2.7 hr−1 and 0.5 hr−1 (Lakey et al., 2019). The con-

centrations of squalene ozonlysis products were identified and predicted by the model.
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Figure 2.8: The structure of the KM-SUB-Skin-Clothing model, showing how ozone interacts with
skin, skin oils and clothing and how different species can diffuse between these contrasting layers.
(Source: Lakey et al. (2019)).

Figure 2.9 shows the concentrations of three key squalene-ozonolysis reaction products,

acetone, 4-OPA and 6-MHO, as well as the concentration of ozone.

Figure 2.9 shows that the model predictions are in excellent agreement with experimen-

tal data. In the Wisthaler et al. (2005) comparison (Figure 2.9a), the model followed the

steady increase of ozone as it was added into the chamber, reaching approximately 110

ppb after 6 hours in the non-clothing simulation and approximately 80 ppb in the clothed

simulation (Lakey et al., 2019). The model also compared well in predicting the concen-

trations of squalene oxidation including acetone, 4-OPA and 6-MHO, which all increased
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Figure 2.9: The outputs from the KM-SUB-Skin-Clothing model for the three experimental
datasets. The top graphs (labelled ’a’) show the modelled and experimental (from Wisthaler et al.
(2005)) concentrations of ozone, acetone, 4-OPA and 6-MHO with no t-shirts present (left) and 17
t-shirts present (right) over 6 hours. The bottom left graphs (labelled ’b’) shows the modelled and
experimental (from Coleman et al. (2008)) deposition velocity of ozone onto soiled clothing after
15 minutes, 195 minutes and an overall average. It also shows the ozone concentration and the
emission rates of acetone and 6-MHO during exposure of ozone onto soiled clothing. The bottom
right graph (labelled ’c’) shows the average modelled and experimental (from Rai et al. (2014))
concentrations of ozone, acetone and 4-OPA under various air changes per hour (ACH). (Source:
Lakey et al. (2019)).

by a few ppb upon the addition of soiled clothing. The model also predicted the de-

position velocity of ozone from the Coleman et al. (2008) experiment (Figure 2.9b) and

was within the range of uncertainty for the deposition velocity of ozone at different time

points. Similarly, the model showed good agreement with the formation of squalene-
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ozonlysis products in Rai et al. (2014) under a range of ozone concentrations and air

change rates (Figure 2.9c). Overall, the study provides confidence in the predicted con-

centrations for ozone, acetone, 4-OPA and 6-MHO.

Further developments of the kinetic multi-layer model have been the implementation

of boundary layer processes, bulk diffusion and multi-layer adsorption, denoted as the

KM-FILM model (Lakey et al., 2021). KM-FILM (Kinetic Multi-Layer Model of Film For-

mation, Growth and Chemistry) has been used to simulate film formation on surfaces

by considering gas-phase diffusion and turbulence on a particular surface (Lakey et al.,

2021). It also showed that the rate of film growth was enhanced by approximately a factor

of two through heterogeneous reactions (Lakey et al., 2021). The KM-FILM model was

also used to simulate organic film formation on indoor surfaces (Lakey et al., 2023).

Multiphase ozonlysis for oleic acid-based lipids, such as triolein, was also identified util-

ising the KM-GAP (Kinetic Multi-Layer Model for Gas and Particles) model which simu-

lates gas-particle interactions in clouds and aerosols (Shiraiwa et al., 2012). Zhou et al.

(2022) found that "crust" accumulation on surfaces as a result of ozone-lipid chemistry

can affect indoor air quality via the re-emission of VOCs. Other kinetic process modelling

as part of the MOCCIE consortium has led to the development of a model which accounts

for ozone deposition chemistry at a surface. For example, Morrison et al. (2019) identi-

fied that reactive intermediates which have shorter lifetimes have higher concentrations

closer to surfaces indoors than in the bulk air, which leads to higher deposition velocities

than those with longer lifetimes.

2.3.3 Gas-Phase Chemistry Modelling

The gas-phase chemistry modelling part of MOCCIE3 includes the work in this thesis,

where, the INdoor CHEmical Model in Python (Shaw and Carslaw, 2021; Shaw et al., 2023)

has been developed to simulate gas-phase chemistry to account for surfaces (Chapter

4), indoor-outdoor chemistry (Chapter 5) and UVC photochemistry (Chapter 6). The

Methodology of INCHEM-Py is discussed in Chapter 3. The gas-phase chemistry mod-

elling area of MOCCIE is led by Nicola Carslaw at the University of York, UK.
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During MOCCIE 1 and MOCCIE 2, the INDCM was developed to include surface ozone

interactions (Kruza et al., 2017), breath and skin emissions (Kruza and Carslaw, 2019),

and improved representation of the formation of secondary organic aerosols (Kruza

et al., 2020). Kruza et al. (2017) found that deposition onto surfaces accounts for 80%

of ozone loss indoors and found that nonanal (5-7 ppb) was the most important alde-

hyde to be formed indoors as a result of ozone deposition onto painted walls. Kruza

and Carslaw (2019) found that modelled concentrations of skin oil oxidation products

including formic acid, acetic acid and 4-OPA reached a maximum of 0.5, 0.1 and 0.8 ppb

respectively in a school classroom. Similarly, concentrations of 6.6, 21.5 and 22.3 ppb

were measured for methanol, ethanol and acetone (Kruza and Carslaw, 2019). These

species were attributed to be mostly emissions as a result of breath. Kruza et al. (2020)

showed that highly oxygenated molecules (HOMs) needed to be included in the INDCM

to better reproduce measured secondary organic aerosol mass.

Using these new developments, a Monte Carlo analysis was performed on the INDCM

to determine model sensitivity to the input parameters (Kruza et al., 2021). Over 1,000

model runs, key input parameters were stochastically varied based on literature data,

including air change rates, deposition velocities, temperature and UV light transmission.

Kruza et al. (2021) found that transmission of UV light led to the largest Spearman’s rank

positive correlation with concentrations of OH (+0.92) and organic nitrates (+0.95). The

study also identified that more accurate measurements of ozone deposition velocities

onto surfaces and UV light transmission indoors reduced model uncertainty of ozone

and OH concentrations by 70-80% (Kruza et al., 2021). The INDCM (Kruza et al., 2017;

Kruza and Carslaw, 2019; Kruza et al., 2020, 2021) formed the basis of INCHEM-Py, which

will be the focus of this thesis.

2.3.4 Aerosol Composition and Thermodynamic Modelling

Aerosol composition and thermodynamic modelling has been used to describe the char-

acter and behaviour of organic aerosols, including SOA formation (Shiraiwa et al., 2019).

The package used to characterise organic aerosol behaviour is called IMAGES (Indoor
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Model of Aerosols, Gases, Emissions and Surfaces) (Waring, 2014; Cummings and War-

ing, 2019; Cummings et al., 2024) which uses the 2D volatility basis set (2D-VBS) (Jimenez

et al., 2009; Donahue et al., 2011). The IMAGES model describes the thermodynamic

characteristics of aerosols and gas-phase kinetic chemistry and accounts for emissions

from standard building materials and people (Shiraiwa et al., 2019). Aerosol viscosity

modelling has also been considered to provide further insight into aerosol behaviour in-

doors (Lilek and Zuend, 2022). The aerosol composition and thermodynamic modelling

area of MOCCIE is led by Michael Waring at Drexel University, Philadelphia, USA and

Andreas Zuend at McGill University, Montreal, Canada.

Cummings et al. (2020) investigated the impact of water content and relative humidity on

the phase state of organic and inorganic aerosols in residences in the United States. Us-

ing the IMAGES model, the concentrations of organic aerosols were simulated, based on

the thermodynamics associated with US buildings (Cummings and Waring, 2019). The

model was expanded to incorporate speciated inorganic aerosol concentrations, aerosol

water uptake and organic aerosol phase states (Cummings et al., 2020). The aerosol water

mass was approximately 10 to 100 times smaller than dry particulate matter mass in the

residences, whilst the the aerosol water mass outdoors was 10 times larger than indoors

(Cummings et al., 2020). This finding helps to understand aerosol mass and composition

indoors, and differences with those found outdoors.

Another study by this group (Cummings et al., 2021) investigated the effect of mass-

transport and temperature gradients on indoor aerosol partitioning. Figure 2.10 shows

the model conceptually and how changes in temperature when moving between indoors

and outdoors, can affect thermodynamic equilibrium and hence indoor concentrations

of aerosols (Cummings et al., 2021). The study found that in 16 climate zones across the

United States, not including this repartitioning process resulted in errors of between 40 to

60% of the total organic aerosol concentration, indicating how important repartitioning

is when considering indoor aerosol concentrations (Cummings et al., 2021).

Further studies from the MOCCIE campaign have explored the impact of phase states

on organic aerosol repartitioning (Cummings et al., 2022), as well as relative humidity



CHAPTER 2. LITERATURE REVIEW 61

Figure 2.10: Conceptualisation of the transport and thermodynamics of gases and aerosols as
they transition from indoors to outdoors and vice versa (Source: Cummings et al. (2021)).

(Serrano Damha et al., 2024). The HOMEChem experimental dataset (Farmer et al., 2019)

has also been used to predict semi-volatile organic compound emissions, where cooking

was found to increase particle concentrations and emission rates by one to two orders of

magnitude (Cummings et al., 2023).

2.3.5 Computational Fluid Dynamics Modelling

Computational fluid dynamics (CFD) models provide predicted concentrations of

species by solving spatially and temporally using parameters including temperature,

mass balance and momentum in a specific indoor environment (Rim et al., 2018;

Sorensen and Weschler, 2002). Outputs from the CFD model quantify the movement

and concentration of species indoors and respective air flow distribution under various

ventilation rates and environmental conditions (Nielsen, 2015). The computational fluid

dynamics modelling area of MOCCIE is led by Donghyun Rim at Penn State University,

Pennsylvania, USA.

Rim et al. (2018) investigated the impact of human surfaces indoors, particularly on
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ozone uptake and deposition. Rim et al. (2018) used CFD modelling to investigate various

air flows and ventilation rates to analyse the reaction dynamics of ozone in the vicinity of

people. For indoor settings with an air change rate of less than 5 air changes per hour and

a room volume of 58.1 m3, Rim et al. (2018) found that ozone deposition onto oil from hu-

man skin had a deposition velocity of between 8 and 10 m h−1, compared to between 2

and 3 m h−1 onto unsoiled clothing. From these deposition rates, the formation of major

products from ozone surface chemistry were predicted. In a simulation with 90 ppb of

indoor ozone in a room, emission rates of 6-MHO, nonanal, decanal and acetone were

0.1, 0.1, 0.2 and 0.3 mg hr−1 person−1 respectively (Rim et al., 2018). This indicates how

important CFD models are for determining how ozone interacts with skin both spatially

and temporally.

Won et al. (2020) predicted spatial distributions and concentrations of ozone, geranyl

acetone, 6-MHO and 4-OPA from a CFD simulation which analysed the effects of soiled

and unsoiled clothing (Figure 2.11). The air change rate in these simulations was 1 hr−1

and the area of the room was 28.5 m3. Figure 2.11 shows how ozone concentrations are

highest in the laundered clothing simulation, indicating that ozone is depositing more

readily onto soiled clothing, reducing its indoor concentration. Consequently, the con-

centrations of geranyl acetone, 6-MHO and 4-OPA are higher in the soiled clothing sce-

nario compared to laundered clothing (Won et al., 2020). The enhanced concentration of

the species directly above the human in Figure 2.11 for all of the eight graphs is the result

of the human thermal plume.

Won et al. (2020) also developed the CFD model to include breathing zones from humans,

which can be simulated to predict the concentrations of species during normal exhala-

tion (6 L min−1) compared to breathing during exercise (12 L min−1) (Won et al., 2020). It

was found that the average concentration of isoprene in a 28.5 m3 room was 8 ppb during

exercise, compared to 4 ppb with a normal breathing rate (Won et al., 2020).

Further studies of CFD modelling during the MOCCIE campaign include simulating the

photolysis of HONO indoors and the subsequent reactions involving HO2 and OH rad-

icals (Won et al., 2019). The study found that production of OH and HO2 were limited
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Figure 2.11: The spatial concentrations of ozone, geranyl acetone, 6-MHO and 4-OPA from CFD
modelling comparing soiled clothing (left) with clean clothing (right). The air change rate was
assumed to be 1 air change per hour (Source: Won et al. (2020)).

to the volume of room within the photolysing light (near the window). However, as the

illuminated volume of the room increased, OH concentrations also increased resulting

in higher concentrations of oxidation products (Won et al., 2019). CFD models can also

be used to evaluate ozone-skin reactions and hence determine ozone transport and de-

position within surface boundary layers indoors (Pei and Rim, 2021; Pei et al., 2022).
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2.4 Summary

This review of the literature has documented the history of modelling indoor chemistry

and has detailed how new computational models are continuously being developed to

improve our understanding of the field. Modelling chemistry in indoor environments

has been developed comprehensively since the pioneers released their model in 1986

(Nazaroff and Cass, 1986). From the implementation and development of surface chem-

istry (Cano-Ruiz et al., 1993; Morrison and Nazaroff, 2002b), to the development of oxi-

dation pathways with monoterpenes (Carslaw, 2013), indoor air modelling is continuing

to help us to understand the complex nature of indoor environments.

The Modelling Consortium of Indoor Environments (MOCCIE) was funded in order to

maintain and secure the development of indoor chemistry models for many years to

come. Molecular dynamics provide understanding of electron and proton transfer, with

kinetic processes detailing reaction rates and mass transport. Thermodynamic mod-

elling enables the characteristics and composition of aerosols to be determined, where

computational fluid dynamics provides spatial and temporal concentrations using air

flow and mass balance. Despite the rapid advancement of modelling indoor chemistry,

there are still gaps in our understanding. Each varying model type strives to fill certain

research gaps. INCHEM-Py, a gas-phase chemistry model, attempts to fill one of these

research gaps, in a way CFD and other model types cannot. INCHEM-Py has a complex

mechanism, which contains over 20,000 reactions to help solve indoor chemistry. For

other model types, this level of complexity would be would be computationally difficult.

It is important however, that computational models are used harmoniously to progress

the understanding of indoor chemistry.

This thesis, therefore, contributes to the upkeep and evolution of indoor chemistry mod-

els via the development and application of the gas-phase indoor air chemistry model,

INCHEM-Py (Shaw and Carslaw, 2021; Shaw et al., 2023).



Chapter 3

Methodology

Section 3.3.4 details the review and implementation of new outdoor VOC concentrations

in the model, carried out by me as part of my PhD studies, and subsequently included in

Shaw et al. (2023).

3.1 Introduction

This research thesis was conducted using an indoor gas-phase chemistry model, the IN-

door CHEMical model in Python, INCHEM-Py (Shaw and Carslaw, 2021; Shaw et al.,

2023). This model is a zero-dimensional, detailed chemical box model, which provides

predicted concentrations of indoor gas-phase chemical species over time. The model

creates a scheme of coupled ordinary differential equations (ODEs), which calculate the

change in the species concentration with time. INCHEM-Py is a refactored and updated

version of a previous indoor air chemistry model, the Indoor Detailed Chemical Model

(Carslaw, 2007). INCHEM-Py assumes a single, well-mixed environment, and the pro-

cesses and operations that the model uses are described in Shaw et al. (2023).

INCHEM-Py utilises the Master Chemical Mechanism (MCM) v3.3.1 (Master Chemical

Mechanism, 2024), which describes the main atmospheric reactions and rate coeffi-

cients. The model also includes modules that describe indoor photolysis, surface deposi-

tion, particle formation and some additional customised chemical mechanisms. Along-

side species’ concentrations, the model can output; rates of production, species reac-

65
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tivity and summations of organic nitrates, peroxyacetylnitrates and peroxy radical (RO2)

concentrations. Common application of the model is typically simulating experimental

measurements, to provide insight into the chemical processes and transformations that

occur. It also predicts species’ concentrations that may otherwise be unknown owing to

challenges in measurement technology. However, it is important for model development

to utilise experimental data where possible, to evaluate the model results.

3.2 The Master Chemical Mechanism

The Master Chemical Mechanism, MCM, is a near-explicit kinetic and mechanistic de-

scription of outdoor atmospheric chemistry. It contains over 20,000 chemical reactions

and details the degradation of 143 volatile organic compounds (VOCs), with over 6,000

incorporated species (Jenkin et al., 1997). The MCM does not utilise any surrogate species

or contain any lumping. Since its launch, the MCM has been developed to include

degradation schemes for monoterpenoid species including α- and β-pinene, aromatics

(Bloss et al., 2005; Jenkin et al., 2003), non-aromatic VOCs (Saunders et al., 2003), β-

caryophyllene (Jenkin et al., 2012) and isoprene (Jenkin et al., 2015). The MCM was built

with a focus on outdoor atmospheric models, however, it has been modified for use in

indoor gas-phase models, such as INCHEM-Py.

The MCM is constructed based on kinetic information around the oxidation of VOCs.

Where kinetic literature is not readily available, the rate coefficients and products are as-

signed by a detailed protocol described in Jenkin et al. (1997) and Jenkin et al. (2003).

Figure 3.1 demonstrates the major degradation reactions involved in atmospheric chem-

istry which are present in the MCM.

The oxidation chemistry is initiated via the reaction of a volatile organic compound

(VOC) with OH (Jenkin et al., 2018), NO3 (Jenkin et al., 2019) or O3 (Jenkin et al., 2020).

Individual VOCs can also be broken down through photolysis. These reactions produce

reactive intermediates, such as oxy radicals (RO), peroxy radicals (RO2), excited Criegee

(RC(OO)R’)* and stabilised Criegee (RC(OO)R’) species. These reactive species further
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Figure 3.1: The schematic for the MCM degradation protocol which follows the major reaction
pathway of VOCs (Source: Saunders et al. (2003)).

react forming a range of products, including carbonyls, carboxylic acids and other multi-

functional oxygen containing species, in a series of termination reactions. These oxy-

genated species participate in further chemical reactions until the ultimate products of

water (H2O) and carbon dioxide (CO2) are formed (Jenkin et al., 1997).

Through the initiation step, all VOCs can react with OH to form RO2. An example of an

alkane (propane), alkene (ethene) and aromatic species (toluene) reacting with OH is

shown in Reactions 3.1, 3.2 and 3.3 respectively to form an RO2 radical.

C3H8 +OH +O2 −→C3H7O2 (3.1)

C2H4 +OH +O2 −→ HOC H2C H2O2 (3.2)

C6H5C H3 +OH +O2 −→C6H5C H2O2 (3.3)
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Abstraction of the hydrogen atom (H) from the carbon chain occurs in alkanes (Reaction

3.1), whereas alkenes undergo an addition reaction to the C=C forming RO2 (Reaction

3.2). Aromatics undergo an addition reaction on the benzene ring (Reaction 3.3). The

carbon-carbon triple bond in alkynes also undergoes addition (Jenkin et al., 1997).

The RO2 treatment is complex. There are around 1000 different RO2 radicals in the MCM

and each can theoretically react with every single other RO2 radical present. To avoid

chemical and computational complexity, a pool of RO2 is assumed. This ’pool’ sums the

concentration of each individual RO2 radical to give a total concentration, and then each

individual RO2 radical reacts once with the pool, rather than with 1000 other individual

species (Jenkin et al., 1997).

The RO2 radicals then react with each other, other radical species, NO and NO3 (Reac-

tions 3.4 to 3.10), forming oxygenated species, including carbonyls (Reaction 3.5), alco-

hols (Reaction 3.6) and nitrated species (Reaction 3.8). Reactions 3.4 to 3.10 show these

initial reactions with an RO2 derivative (C3H7O2) of propane (Reaction 3.1).

C3H7O2 +RO2 −→C3H7O (3.4)

C3H7O2 +RO2 −→C2H5C HO (3.5)

C3H7O2 +RO2 −→C3H7OH (3.6)

C3H7O2 +NO −→C3H7O +NO2 (3.7)

C3H7O2 +NO −→C3H7ONO2 (3.8)

C3H7O2 +HO2 −→C3H7OOH (3.9)
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C3H7O2 +NO3 −→C3H7O +NO2 (3.10)

3.3 The Model

3.3.1 Software & Integration

INCHEM-Py was run using the Spyder integrated developer environment (Python 3.9),

part of the Anaconda suite of software. Anaconda provided the Conda command line

tool, including the installation of Python and management of Python libraries. The

prominent ODE created and solved by INCHEM-Py for each chemical species is shown

as Equation 3.11:

dCi

d t
=∑

Ri j + (λr Ci ,out −λr Ci )−νd

(
A

V

)
Ci ±kti (3.11)

where the term on the left hand side of the equation represents the change in indoor

concentration of species i (Ci) over time (t). The first term on the right hand side of the

equation determines the rate of reaction between species i and species j, where the rate

of each individual reaction is dictated by the rate constant and the concentrations of the

respective reactant species. The second term refers to the indoor-outdoor exchange of

species i, where λr is the air change rate (ACR) and Ci,out is the outdoor concentration

of species i. This term and its development will be the focus of Chapter 5. The third

term in the equation refers to the irreversible surface deposition of species i, where vd is

the surface deposition velocity, A is the internal surface area and V is the total internal

volume. This term and its development will be the focus of Chapter 4. The final term

in the equation refers to emissions of species i, where kti represents the emission rate of

species i over time. Figure 3.2 details how the model orders operations and the processes

and factors considered when calculating the concentrations of indoor species at each

time step.
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Figure 3.2: A schematic for the operational working of INCHEM-Py (Source: Shaw et al. (2023)).

The model uses the scipy.integrate.ode package to solve each equation, returning cor-

responding change in concentrations for all species present in the model. The model

constructs the master array, which is a dictionary of species and their respective ordinary

differential equations. At each time step, the ODEs are computed by the parsing of each

reaction.

Timed emissions can be included in simulations, with emissions (in molecule cm−3 s−1)

added for any species and over a specific time period. This feature is utilised in Chapter

5 and Chapter 6 of the thesis with the addition of cooking and cleaning emissions. The

model also considers the indoor temperature (K) and relative humidity (%). Additional

degradation schemes for some species not currently in the MCM have been designed

based on previous literature. These include chlorine chemistry (Wong et al., 2017; Xue

et al., 2015; Wang et al., 2020b), and degradation schemes for linalool, ∆3-carene, cam-

phene, (Carslaw, 2007), octanal, nonanal and decanal (Kruza et al., 2017).

3.3.2 Surfaces and Deposition

INCHEM-Py assumes irreversible deposition of 3371 indoor gas-phase species onto sur-

faces, depending on the surface area-to-volume ratio and the deposition velocity. The

rate of deposition (Rdep in s−1) is denoted by Equation 3.12:
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Rdep = vd ×
(

A

V

)
(3.12)

where vd is the deposition velocity (cm s−1), A is the surface area (cm2) and V (cm3) rep-

resents the volume of an indoor surface.

The deposition velocities are allocated to gas-phase species as outlined in Carslaw (2007)

and shown in Table 3.1. For species where no measurements are available, deposition

velocities are allocated based on functional group and as described by Carslaw (2007)

(Table 3.2).

Table 3.1: The deposition velocities of individual species included in INCHEM-Py (Source: Sarwar
et al. (2002) and Carslaw (2007)).

Species Deposition Velocity (cm s−1)

O3 0.0345

HNO3 0.176

SO2 0.029

NO2 0.0261

H2O2 0.045

CH3OH 0.0307

C2H5OH 0.0264

HCHO 0.035

CH3CHO 0.0123

MGLYOX 0.0153

MACR 0.0109

HONO 0.065

NO3 0.07

N2O5 0.07

HO2 0.07

continued on next page
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Species Deposition Velocity (cm s−1)

OH 0.07

HO2NO2 0.113

CH3O2NO2 0.113

HCOOH 0.0438

MVK 0.0160

PAN 0.0197

CH3COCH3 0.005

Table 3.2: Deposition velocities used for species not in Table 3.1 and based on functional groups
(Source: Carslaw et al. (2012)).

Species Deposition Velocity (cm s−1)

Organic Nitrate 0.0164

Alcohol 0.0162

Peroxy 0.0292

Peroxyacetylnitrate 0.0182

Aldehyde 0.0103

Carboxylic Acid 0.0359

Ketone 0.016

3.3.3 Air Exchange with Outdoors

Air exchange with outdoors removes pollutants from indoor air to the outdoor envi-

ronment whilst moving outdoor pollutants indoors (Nazaroff, 2021). Important factors

which affect air change rates include external elements such as the weather, wind speed,

and temperature change. Internal factors also affect air change rates, which can vary

based on occupancy (opening and closing of windows and doors) and characteristics of

the building envelope (Nazaroff, 2021).
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The rate at which outdoor concentrations ingress indoors depends on the air change rate

which can vary from building to building. A high air change rate denotes a leakier build-

ing, where indoor air is quickly replenished by outdoor air (for example 2.0 air changes

per hour), whereas a low air change rate suggests a more efficiently built building where

it takes longer for outdoor air to ingress indoors (for example 0.1 air changes per hour)

(Nazaroff, 2021). This thesis traditionally uses an air change rate of 0.5 air changes per

hour (unless specified) as an appropriate median value. This was determined by a com-

prehensive literature review of air change rates in residential properties (Nazaroff, 2021).

3.3.4 Outdoor Concentrations

Outdoor concentrations drive indoor concentrations in the absence of indoor sources,

and are necessary for the accurate prediction of indoor pollutant concentrations (Kruza

et al., 2021). INCHEM-Py assumes that the concentrations of VOCs outdoors remain con-

stant. The outdoor concentrations of O3, NO, NO2 and PM2.5 are assumed to vary diur-

nally, based on outdoor measurements in suburban London (UK), urban London (UK),

urban Bergen (Norway) and urban Milan (Italy) (Shaw et al., 2023); EEA (2018); Terry et al.

(2014)). These outdoor measurements represent clean (Bergen), semi-polluted (London)

and heavily polluted (Milan) scenarios. These profiles can be chosen based on user re-

quirements.

Outdoor VOCs play an important role for indoor air chemistry, contributing to indoor

VOC concentrations, particularly those with few or no indoor sources. Once indoors, they

can react with key indoor species, including ozone (O3) and the hydroxyl radical (OH). In

the initial release of INCHEM-Py (v1.1) the static outdoor concentrations were based on

limited literature values (Sarwar et al., 2002; Terry et al., 2014; Zhu et al., 2013). A literature

search was therefore carried out to find more up-to-date outdoor VOC concentrations

based on measurements from around the world. The most useful studies were those

that measured VOC concentrations over a long-period of time and also in representative

suburban locations where most people live.

The literature search identified 131 VOCs with representative outdoor concentrations,
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and 103 of these VOCs had degradation mechanisms in INCHEM-Py. The experimental

studies were from various global locations. The location, length and time of year of each

study is given in Table 3.3.

Table 3.3: The locations, time of year and length of study for literature used to update outdoor
concentrations in INCHEM-Py v1.2.
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The new outdoor VOC concentrations have been implemented in INCHEM-Py (v1.2) and

are shown in Table 3.4, ordered by functional group.

Table 3.4: The outdoor concentrations of VOCs incorporated in the updated version of INCHEM-
Py (v1.2). The values used in the previous version of the model (v1.1) are also included as a com-
parison.

Species

v1.1 Value

(ppb)

v1.2 Value

(ppb) Ref. (v1.2)

Formaldehyde 3.7 2.5 Uchiyama et al. (2015)

Acetaldehyde 2.9 1.6 Uchiyama et al. (2015)

Propanal 0.82 0.38 Uchiyama et al. (2015)

3-Methylbutanal - 0.04 Uchiyama et al. (2015)

Acrolein 2.0 0.11 Uchiyama et al. (2015)

Methacrolein - 0.11 Baudic et al. (2016)

Crotonaldehyde - 0.07 Uchiyama et al. (2015)

Pentanal - 0.10 Uchiyama et al. (2015)

Hexanal 0.38 0.11 Uchiyama et al. (2015)

Heptanal 0.15 0.08 Uchiyama et al. (2015)

Octanal 0.29 0.10 Uchiyama et al. (2015)

Nonanal 1.0 0.60 Uchiyama et al. (2015)

Decanal 0.11 0.16 Uchiyama et al. (2015)

2-Nonenal - 0.05 Uchiyama et al. (2015)

Acetone 0.53 2.0 Uchiyama et al. (2015)

2-Butanone (MEK) 0.10 0.22 Uchiyama et al. (2015)

3-Buten-2-one (MVK) 0.72 0.11 Baudic et al. (2016)

Cyclohexanone 0.04 0.69 Lü et al. (2006)

Benzaldehyde 2.5 0.06 Uchiyama et al. (2015)

o-Tolualdehyde - 0.05 Uchiyama et al. (2015)

continued on next page
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Species

v1.1 Value

(ppb)

v1.2 Value

(ppb) Ref. (v1.2)

m-Tolualdehyde - 0.08 Uchiyama et al. (2015)

p-Tolualdehyde - 0.08 Uchiyama et al. (2015)

2,5-Dimethylbenzaldehyde - 0.32 Uchiyama et al. (2015)

Benzene 0.24 0.39 Uchiyama et al. (2015)

Toluene 0.81 1.7 Uchiyama et al. (2015)

p-Xylene 0.26 0.25 Uchiyama et al. (2015)

m-Xylene 0.26 0.25 Uchiyama et al. (2015)

o-Xylene 0.53 0.17 Uchiyama et al. (2015)

Ethylbenzene 0.14 0.36 Uchiyama et al. (2015)

Propylbenzene - 0.16 Mentese and Bas (2020)

2-Ethyltoluene - 0.01 Bari and Kindzierski (2018)

3-Ethyltoluene - 0.02 Bari and Kindzierski (2018)

4-Ethyltoluene - 0.01 Bari and Kindzierski (2018)

1,3,5-Trimethylbenzene 0.89 0.07 Uchiyama et al. (2015)

1,2,4-Trimethylbenzene 0.09 0.22 Uchiyama et al. (2015)

1,2,3-Trimethylbenzene 0.33 0.05 Uchiyama et al. (2015)

p-Dichlorobenzene - 0.50 Uchiyama et al. (2015)

Styrene 0.23 0.09 Mentese and Bas (2020)

Cumene 0.01 0.12 Mentese and Bas (2020)

Phenol 2.0 0.71 Sturaro et al. (2010)

Ethane 0.85 3.7 Baudic et al. (2016)

Propane 0.51 1.5 Baudic et al. (2016)

Butane 1.4 1.4 Baudic et al. (2016)

Isobutane - 0.83 Baudic et al. (2016)

2,2-Dimethylbutane - 0.08 Bari et al. (2016)

continued on next page
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Species

v1.1 Value

(ppb)

v1.2 Value

(ppb) Ref. (v1.2)

2,3-Dimethylbutane - 0.11 Bari et al. (2016)

Pentane 0.37 0.35 Baudic et al. (2016)

2-Methylpentane - 0.16 Bari et al. (2016)

3-Methylpentane - 0.10 Bari et al. (2016)

Isopentane - 0.60 Bari and Kindzierski (2018)

Hexane 0.37 0.45 Uchiyama et al. (2015)

2-Methylhexane - 0.10 Bari et al. (2016)

3-Methylhexane - 0.13 Bari et al. (2016)

Heptane 0.10 0.02 Uchiyama et al. (2015)

Octane 0.30 0.02 Uchiyama et al. (2015)

Nonane 0.41 0.12 Uchiyama et al. (2015)

Decane 0.08 0.40 Uchiyama et al. (2015)

Undecane 0.08 0.59 Uchiyama et al. (2015)

Dodecane 0.02 0.04 Mentese and Bas (2020)

Cyclohexane 0.05 0.03 Bari and Kindzierski (2018)

Ethene 0.51 1.4 Baudic et al. (2016)

Propene 0.17 0.37 Baudic et al. (2016)

1-Butene - 0.16 Bari et al. (2016)

cis-2-Butene 0.14 0.02 Bari and Kindzierski (2018)

trans-2-Butene 0.16 0.02 Bari and Kindzierski (2018)

2-Methyl-1-butene - 0.02 Bari and Kindzierski (2018)

2-Methyl-2-butene 0.28 0.02 Bari and Kindzierski (2018)

Isoprene 0.41 0.09 Baudic et al. (2016)

1,3-Butadiene 0.10 0.02 Bari and Kindzierski (2018)

trans-2-Pentene - 0.02 Bari and Kindzierski (2018)

continued on next page
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Species

v1.1 Value

(ppb)

v1.2 Value

(ppb) Ref. (v1.2)

cis-2-Pentene - 0.01 Bari and Kindzierski (2018)

Ethyne - 0.64 Baudic et al. (2016)

Methanol 5.3 4.5 Baudic et al. (2016)

Ethanol 48.8 6.6 Gallego et al. (2016)

Isopropanol 0.81 3.8 Gallego et al. (2016)

1-Propanol 0.05 0.51 Gallego et al. (2016)

1-Butanol 0.53 1.0 Gallego et al. (2016)

1-Pentanol - 0.002 Hellén et al. (2018)

1-Hexanol - 0.001 Hellén et al. (2018)

2-Butoxyethanol 0.21 1.0 Gallego et al. (2016)

Linalool - 0.001 Hellén et al. (2018)

Chloroform 0.01 0.03 Uchiyama et al. (2015)

Methylchloroform 3.4 0.31 Brickus et al. (1998)

Dichloromethane 0.04 0.10 Bari and Kindzierski (2018)

Trichloroethylene 0.001 0.37 Gallego et al. (2016)

Tetrachloroethylene 0.01 0.02 Bari and Kindzierski (2018)

1,2-Dichloroethane - 0.02 Bari and Kindzierski (2018)

Chloromethane - 0.57 Bari and Kindzierski (2018)

Hydrogen Chloride - 1.5 Uchiyama et al. (2015)

Ethyl Acetate - 0.10 Uchiyama et al. (2015)

Butyl Acetate - 0.05 Uchiyama et al. (2015)

α-Pinene 0.06 0.13 Uchiyama et al. (2015)

β-Pinene 0.001 0.05 Gallego et al. (2016)

Limonene 0.04 0.10 Uchiyama et al. (2015)

∆3-Carene 0.04 0.11 Hakola et al. (2009)

continued on next page
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Species

v1.1 Value

(ppb)

v1.2 Value

(ppb) Ref. (v1.2)

Camphene 0.02 0.02 Hakola et al. (2009)

β-Caryophyllene 0.001 0.004 Hellén et al. (2018)

Formic Acid - 7.5 Uchiyama et al. (2015)

Acetic Acid - 15.7 Uchiyama et al. (2015)

Propanoic Acid - 0.08 Hellén et al. (2018)

Butanoic Acid - 0.06 Hellén et al. (2018)

Pentanoic Acid - 0.03 Hellén et al. (2018)

Heptanoic Acid - 0.004 Hellén et al. (2018)

The outdoor concentrations of eight non-VOC species have also been updated and input

into INCHEM-Py. These concentrations are given in Table 3.5, along with the appropriate

reference.

Table 3.5: The outdoor concentrations of other species incorporated in the updated version of
INCHEM-Py (v1.2). The values used in the previous version of the model (v1.1) are also included
as a comparison. The concentration of OH is given in molecule cm−3 and that of all other species
in ppb.

Species

v1.1 Value

(ppb)

v1.2 Value

(ppb) Ref. (v1.2)

Hydrogen Peroxide 2.0 1.3 He et al. (2010)

Methane (CH4) 1882 1891 Dlugokencky (2022)

Carbon Monoxide (CO) 102 195 EEA (2018)

Sulfur Dioxide (SO2) - 0.70 EEA (2018)

Nitric Acid (HNO3) 2.0 0.39 Vichi et al. (2016)

Nitrous Acid (HONO) 0.07 0.65 Vichi et al. (2016)

Hydroxyl Radical (OH) 1×1006 1.09×1006 Li et al. (2018)
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Species

v1.1 Value

(ppb)

v1.2 Value

(ppb) Ref. (v1.2)

Peroxyacetyl Nitrate (PAN) 0.61 2.2 Liu et al. (2018)

A comparison was undertaken to quantify the changes to the model output, by using the

new VOC outdoor concentrations compared to the old VOC concentrations. All of the

other model inputs were kept constant for each run. The concentrations of major indoor

species including OH, O3, HO2, RO2, NO, NO2, formaldehyde and HONO are shown in

Figures 3.3 to 3.10. The percentage difference in concentrations of key indoor species

for different outdoor VOC concentrations are shown in Table 3.6. The updated outdoor

VOC concentrations increased the concentrations of key indoor oxidants, including, RO2

(5.8%) and NO2 (3.3%). O3 has a minimal concentration increase (2.2%) with the new

outdoor VOCs. HO2 concentrations fluctuate throughout the day, but have an overall

average percentage decrease of 2.9%. HONO concentrations increase indoors using the

new VOC concentrations (6.0%). Average NO concentrations decrease but the change is

small (approximately 0.1 ppb, 1.7%). Average formaldehyde concentrations decrease by

approximately 0.2 ppb (29%) over the course of a day.

Figure 3.3: The indoor concentration of OH over one day, using old and new outdoor VOC con-
centrations.
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Figure 3.4: The indoor concentration of O3 over one day, using old and new outdoor VOC con-
centrations.

Figure 3.5: The indoor concentration of HO2 over one day, using old and new outdoor VOC con-
centrations.
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Figure 3.6: The indoor concentration of RO2 over one day, using old and new outdoor VOC con-
centrations.

Figure 3.7: The indoor concentration of NO over one day, using old and new outdoor VOC con-
centrations.
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Figure 3.8: The indoor concentration of NO2 over one day, using old and new outdoor VOC con-
centrations.

Figure 3.9: The indoor concentration of formaldehyde (HCHO) over one day, using old and new
outdoor VOC concentrations.
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Figure 3.10: The indoor concentration of HONO over one day, using old and new outdoor VOC
concentrations.

Table 3.6: The average concentration of key indoor species over 24-hours for simulations with
the new and old outdoor VOCs. The percentage difference from the old outdoor VOCs to the new
outdoor VOCs is also given in the table.

Concentration
Species New VOCs Old VOCs % difference
OH (molecule cm−3) 1.12 x 106 8.15 x 105 31.8
O3 (ppb) 4.9 4.8 2.2
HO2 (ppt) 1.6 1.7 -2.9
RO2 (ppt) 2.6 2.5 5.8
NO (ppb) 1.5 1.6 -1.7
NO2 (ppb) 1.2 1.1 3.3
HONO (ppb) 0.09 0.08 6.0
HCHO (ppb) 0.55 0.74 -29.0

The change in outdoor VOC and non-VOC concentrations only really affects indoor con-

centrations of OH and HCHO under these conditions.

3.3.5 Photolysis

Photolysis also plays a key role in indoor air chemistry and has been integrated into

INCHEM-Py. The model calculates photolysis rates based on both external sunlight fil-
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tering in from outdoors and internal lighting sources. The model sums these values and

calculates a total photolysis rate for each relevant species (Wang et al., 2022b; Shaw et al.,

2023). Equation 3.13 calculates the outdoor photolysis rate coefficient for each species

(Shaw et al., 2023).

Jout = l cos(θ)m exp(−n sec(θ)) (3.13)

where Jout is the outdoor photolysis rate (s−1), l, m and n are parameters which are opti-

mised as discussed by Jenkin et al. (1997) and θ is the solar zenith angle (°).

Outdoor solar photolysis is calculated via the solar zenith angle in the model. INCHEM-

Py uses local solar time to determine the solar declination angle (Equation 3.14).

Dec =−23.45× cos

(
360

365.25

)
× (d +10) (3.14)

where d represents the number of days which have past since the 1st of January in that

particular year, 360 is the completed angle, 365.25 represents the total number of days

in a year, −23.45 represents the solar declination angle at the winter solstice (°), where 10

stands for the approximate difference in the number of days between the 1st of January

and the winter solstice (Shaw et al., 2023).

An attenuation factor can be applied to Jout depending on which glass type has been se-

lected (glass C, low emissivity or low emissivity with film), using a tailored transmission

factor, ψ (Wang et al., 2022b). If a simulation with no sunlight is required, the transmis-

sion factor is set to 0.

The indoor photolysis rate (φ) for six unique light types (light emitting diode (LED), in-

candescent, halogen, covered fluorescent tube (CFT), uncovered fluorescent tube (UFT),

fluorescent tube (FT) and compact fluorescent lamp (CFL) is based on the methodology

developed by Wang et al. (2022b). Lights can also be turned off indoors, allowing the

sole source of photolysis to be from attenuated outdoor sunlight. The overall photolysis

rate (J in s−1) is then the sum of the attenuated outdoor sunlight and any indoor lighting

selected.
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In total, there are 44 photolysis rate coefficients in the model, which are described in

Table 3.7, along with the wavelength range over which the respective photolysis reactions

can take place.

Table 3.7: The photolysis rate coefficients present in INCHEM-Py and the corresponding reac-
tions.

J Value Reaction

Wavelength(s)

Range (nm)

J1 O3 → O(1D) + O2 300 - 349

J2 O3 → O(3P) + O2 300 - 349, 400 - 700

J3 H2O2 → OH + OH 300 - 350

J4 NO2 → NO + O(3P) 300 - 425

J5 NO3 → NO + O2 586 - 640

J6 NO3 → NO + O(3P) 585 - 640

J7 HONO → NO + OH 300 - 399

J8 HNO3 → NO2 + OH 300 - 350

J11 HCHO → H + HCO 300 - 355

J12 HCHO → H2 + CO 300 - 360

J13 CH3CHO → CH3 + HCO 300 - 330

J14 C2H5CHO → C2H5 + HCO 300 - 330

J15 C3H7CHO → C3H7 + HCO 300 - 364

J16 C3H7CHO → C2H4 + CH3CHO 300 - 364

J17 2-Methylpropanal (IPRCHO) → C2H4 + CH3CHO 300 - 330

J18 Methacrolein (MACR) → CH2 = CCH3 + HCO 300 - 395

J19 Methacrolein (MACR) → CH2 = C(CH3)CO + H 300 - 395

J20 C5H8O3 → CH3C(CHO) = CHCH2O + OH 300 - 395

J21 CH3C(O)CH3 → CH3CO + CH3 300 - 327

J22 Methyl Ethyl Ketone (MEK) → CH3CO + C2H5 300 - 352

continued on next page
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J Value Reaction

Wavelength(s)

Range (nm)

J23 Methyl Vinyl Ketone (MVK) → CH3CH = CH2 + CO 300 - 395

J24 Methyl Vinyl Ketone (MVK) → CH3CO + CH2 = CH 300 - 395

J31 Glyoxal (GLYOX) → CO + CO + H2 300 - 355

J32 Glyoxal (GLYOX) → HCHO + CO 300 - 415

J33 Glyoxal (GLYOX) → HCO + HCO 300 - 445

J34 Methylglyoxal (MGLYOX) → CH3CO + HCO 300 - 440

J35 2,3-Butanedione (BIACET) → CH3CO + CH3CO 300 - 460

J41 CH3OOH → CH3O + OH 300 - 365

J51 CH3ONO2 → CH3O + NO2 300 - 340

J52 C2H5ONO2 → C2H5O + NO2 300 - 340

J53 n-C3H7ONO2 → n-C3H7O + NO2 300 - 340

J54 i-C3H7ONO2 → CH3C(O)CH3 + NO2 300 - 360

J55 t-C4H9ONO3 → t-C4H9O + NO2 300 - 330

J56 2-Oxopropyl Nitrate (NOA) → CH3C(O)CH2(O) + NO2 300 - 340

J57 2-Oxopropyl Nitrate (NOA) → CH3CO + HCHO + NO2 300 - 340

J70 Cl2 → Cl + Cl 300 - 550

J71 ClNO2 → NO2 + Cl 300 - 470

J72 ClONO2 → NO3 + Cl 300 - 430

J73 ClONO2 → NO2 + Cl 300 - 430

J74 HOCl → OH + Cl 300 - 420

J75 OClO → O + ClO 300 - 475

J76 ClO → O + Cl 300 - 475

J77 ClOOCl → ClOO + Cl 300 - 400

J78 ClOOCl → ClO + ClO 300 - 400
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3.3.6 Particles

3.3.6.1 Particle Formation

Particles are represented in INCHEM-Py using gas-to-particle partitioning of three

monoterpene species; α-pinene, β-pinene and limonene. This is based on the absorp-

tive partitioning theory proposed by Pankow (1994). Pankow defines the thermodynamic

equilibrium between the condensed-organic and gas-phases of certain species (Jenkin,

2004; Leungsakul et al., 2005). This process yields the respective phase-partitioning co-

efficient, which is given in Equation 3.15 (Shaw et al., 2023; Carslaw et al., 2012).

Kp = 7.501RT

Wom109γomρ
o
L

(3.15)

where Kp represents the partitioning coefficient in m3 µg−1, R represents the ideal gas

constant (8.314 J K−1 mol−1), T is the temperature in Kelvin (K), Wom represents the ab-

sorbing particles mean molecular weight (g mol−1), γom is the species’ activity coefficient

(no units) in the condensed phase and ρL
o is the species’ liquid vapour pressure (Torr).

Note that Wom is set at 120 g mol−1 at the start of each model run (Sarwar and Corsi, 2007),

however this value is re-calculated at each timestep (integration) in the model depending

on particle composition. γom is presumed to be equal to 1 (Johnson et al., 2006; Jenkin,

2004).

Calculating the gas-particle partitioning using Equation 3.15 enables calculation of both

the rate of absorption onto particles (kon) and the rate of desorption back off the particles

(koff) by a particular species (Equation 3.16) (Leungsakul et al., 2005). The partitioning

effectively acts as a dynamic balance between the two processes (Johnson et al., 2006;

Jenkin, 2004).

Kp = kon

ko f f
(3.16)

where the rate of absorption (kon) is set at a constant value of 6.2 x 10−3 m3 µg−1 s−1, which

is independent of both temperature and species (Jenkin, 2004).
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Outdoor particles are assumed to ingress indoors at a rate dependent on air change, with

concentrations based on the measured data from one of four cities (Shaw et al., 2023). It

is assumed that 30% of these outdoor particles are organic in nature (see Section 3.3.6.2).

3.3.6.2 Model Representation of Organic Particulate Matter

INCHEM-Py v1.1 assumed that 30% of the PM2.5 that ingressed from outdoors was or-

ganic in nature. This proportion affects the simulated concentration of indoor PM2.5

given it provides a seed on which indoor particles can grow. The literature was therefore

reviewed to assess whether this assumption was still valid.

Organic component of particulate matter can be made up of many diverse organic

species, for example, Mikuška et al. (2015), discovered, monosaccharide anhydrides,

methoxyphenols, resin acids, PAHs and alkanes made up the organic proportion in the

Czech city of Ostrava. These compounds are released through biomass combustion,

wood combustion, incomplete combustion from transport and industry respectively.

They also found saccharides, which originate from natural sources, such as sea spray,

abrasion of leaves and from the soil. An industrialised or busy transport network lo-

cation would have larger proportions of organic compounds in fine particulate matter

than a location with fewer anthropogenic sources (Zhong et al., 2020; Murillo et al., 2013).

However, there has been recent debate as to the size of the organic proportion of PM2.5.

The DEFRA report on fine particulate matter in the United Kingdom prepared by the Air

Quality Expert Group (Air Quality Expert Group, 2012) reported the results from a two-

year sampling experiment in Birmingham where PM2.5 was collected and speciated. The

percentage of organics in this study was 26%, where generally these ambient organics

were produced naturally in the environment and from combustion (Figure 3.11). Overall

however, there has been little data on the source apportionment of PM2.5.
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Figure 3.11: The composition of outdoor PM2.5 in the United Kingdom (Source: Air Quality Expert
Group (2012)).

Polidori et al. (2006) suggested that between 10% to 70% of PM2.5 in an ambient envi-

ronment was organic. However, there are limitations to identifying the composition of

PM2.5, as only 10% to 30% is actually properly identified and accounted for at the molec-

ular level (Turpin et al., 2000). Polidori et al. (2006) also suggested that between 71%

to 76% of indoor organic PM2.5 was produced indoors, rather than the outdoor organic

matter infiltrating the indoor setting. Figure 3.12 demonstrates PM2.5 composition in the

indoor and outdoor environment in America.

In a more recent study, Zhong et al. (2020) characterised and apportioned PM2.5 during

the winter of 2013 and 2018 in Beijing, China, where it was demonstrated that organic
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Figure 3.12: The mean contribution of species to indoor and outdoor particulate matter (PM2.5)
composition in suburban America. In the figure, EC and OM refer to elemental carbon and or-
ganic matter respectively (Source: Polidori et al. (2006)).

matter made up 31.7% and 31.4% of PM2.5 in these two years respectively.

Table 3.8 shows the organic proportion (%) of PM2.5 in a variety of suburban areas. The %

organic proportion of PM2.5 in Table 3.8 excludes elemental carbon. This is because ele-

mental carbon would unlikely react with other materials or aerosols in the air, and is also

considered photochemically inert (Karanasiou et al., 2015). Note that the measurements

taken in Barcelona were taken in subway stations located across the city. The higher mea-

surement recorded in Thessaloniki, Greece (27.1%) was taken near local traffic, whereas

the lower recorded measurement (24.3%) was taken in a residential area.

In summary, Table 3.8 supports the assumption in INCHEM-Py that approximately 30%

of the PM2.5 that ingresses indoors from outdoors is organic in nature. This model as-

sumption is therefore retained for the rest of the thesis.
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Table 3.8: The organic % present in PM2.5 in various locations across the world. The locations in
red denote a warmer period in Joanic (25.9 °C), Santa Coloma (30.3 °C), Tetuan (21.8 °C) and Llefia
(25.9 °C), whereas, the blue locations denote a colder period in Joanic (21.9 °C), Santa Coloma
(19.6 °C), Tetuan (19.6 °C) and Llefia (21.0 °C).

Location
Organic %

of PM2.5 Reference

LA County, California (USA) 29 % Polidori et al. (2006)
Elizabeth City, North Carolina (USA) 30 % Polidori et al. (2006)

Houston, Texas (USA) 29 % Polidori et al. (2006)
Beijing (China) 31.7 % Zhong et al. (2020)
Beijing (China) 31.4 % Zhong et al. (2020)

Joanic, Barcelona (Spain) 33.7 % Martins et al. (2016)
Santa Coloma, Barcelona (Spain) 25.8 % Martins et al. (2016)

Tetuan, Barcelona (Spain) 23.6 % Martins et al. (2016)
Llefia, Barcelona (Spain) 21.7 % Martins et al. (2016)
Joanic, Barcelona (Spain) 20.5 % Martins et al. (2016)

Santa Coloma, Barcelona (Spain) 36.6 % Martins et al. (2016)
Tetuan, Barcelona (Spain) 24.7 % Martins et al. (2016)
Llefia, Barcelona (Spain) 30.0 % Martins et al. (2016)

San Jose (Costa Rica) 25.9 % Murillo et al. (2013)
Heredia (Costa Rica) 24.7 % Murillo et al. (2013)

Belen (Costa Rica) 37.5 % Murillo et al. (2013)
Moravia (Costa Rica) 34.9 % Murillo et al. (2013)
Thessaloniki (Greece) 27.1 % Samara et al. (2014)
Thessaloniki (Greece) 24.3 % Samara et al. (2014)

3.3.7 New Degradation Schemes

Uchiyama et al. (2015) found that, 2,5-dimethylbenzaldehyde and 2-nonenal had a sig-

nificant presence indoors, but neither of these species were represented in the MCM,

or consequently, INCHEM-Py v1.1. 2,5-DMBA (2,5-dimethylbenzaldehyde) appears to

be from industrial processes, but can be found in high concentrations indoors primarily

from cigarette smoke (Pang and Lewis, 2011). According to Haze et al. (2001), 2-nonenal is

often categorised as the ’old-person smell’: it is a skin oil which all humans can emit, but

it is more prominent in older people. New degradation mechanisms were constructed

based on the MCM protocol (Jenkin et al., 1997) and other literature for these two species.

The impacts of these new mechanisms on the model output was then explored.

2,5-Dimethylbenzaldehyde is assumed to follow the same degradation pathway as its iso-
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mer 2,3-dimethylbenzaldehyde (2,3-DMBA), which is in the MCM. The chemistry can

sometimes differ due to the location of the methyl groups attached to the benzene ring,

given that stereochemistry often dictates kinetics and pathways of reactions involving

aromatic species. Clifford and Wenger (2006) however, found that the initial rate coef-

ficients for the reactions of the DMBA stereoisomers with the OH radical did not alter

significantly depending on the location of the methyl group on the benzene ring. It can

therefore be assumed that the reaction scheme for 2,5-DMBA follows a similar route to

its stereoisomers for reactions with OH. 2,5-DMBA uses the same reaction mechanism

as used for the degradation of 2,3-DMBA. The reaction scheme for the initial degrada-

tion steps for 2,5-DMBA are shown in Figure 3.13. The new degradation mechanism

included in INCHEM-Py for 2,5-DMBA consists of 17 new, unique reactions. The full

reaction scheme for the degradation of 2,5-DMBA is given in Appendix A.1.

Figure 3.13: The initial reactions for the degradation of 2,5-dimethylbenzaldehyde (2,5-DMBA).
The reaction rates are given in cm3 molecule−1 s−1. hν represents the absorption of a photon. The
J values (J18 and J19) and KNO3AL represent photolysis reactions and a rate coefficient respec-
tively, both originating from the Master Chemical Mechanism.
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The initial degradation of 2-nonenal is assumed to follow that of crotonaldehyde which is

present in the MCM. Crotonaldehyde (2-butenal) is a four-carbon chained aldehyde with

a double-bond situated in the 2 position. Although 2-nonenal has five more carbons than

butenal, it is assumed that the two compounds will follow a similar degradation pathway,

due to the unsaturation of both species.

2-Nonenal forms a single product from degradation via photolysis, three products via

reaction with OH, two products via reaction with O3 and a further three products via re-

action with NO3. The probability and subsequent distribution of these pathways were

based on the crotonaldehyde degradation. The rate constants were obtained from nu-

merous experimental studies, including the reactions of 2-nonenal with OH (Gao et al.,

2009), O3 (Gaona Colmán et al., 2017) and NO3 (Kerdouci et al., 2012).

The reaction scheme for the inital degradation steps of 2-nonenal are shown in Figure

3.14. The new degradation mechanism included in INCHEM-Py for 2-nonenal consists

of 138 new, unique reactions. The full reaction scheme for the degradation of 2-nonenal

is given in Appendix A.2.

Figure 3.14: The initial reactions for the degradation of 2-nonenal. The rate coefficients have
units of cm3 molecule−1 s−1. hν represents the absorption of a photon.

The degradation of 2,5-dimethylbenzaldehyde, 2-nonenal and their subsequent impacts



CHAPTER 3. METHODOLOGY 95

on indoor air chemistry are not well known. INCHEM-Py has been used to provide in-

sights on these aspects. A timed emission at 1 pm of 0.02 ppb s−1 of 2,5-DMBA or 2-

nonenal was simulated and compared to a baseline (with no timed emission) to deter-

mine, firstly, whether the reaction schemes work, and secondly, what impact 2,5-DMBA

and 2-nonenal have at higher concentrations. Figures 3.15 to 3.19 show the key indoor

species’ concentrations during degradation of these newly added species.

Figure 3.15: The indoor concentration of OH over 24 h, showing the impact of a timed emission
of 0.02 ppb s−1 of 2,5-DMBA or 2-nonenal for 30 mins at 1pm and compared to the baseline (no
timed emission).

Figure 3.16: The indoor concentration of O3 over 24 h, showing the impact of a timed emission
of 0.02 ppb s−1 of 2,5-DMBA or 2-nonenal for 30 mins at 1pm and compared to the baseline (no
timed emission).



CHAPTER 3. METHODOLOGY 96

Figure 3.17: The indoor concentration of HO2 over 24 h, showing the impact of a timed emission
of 0.02 ppb s−1 of 2,5-DMBA or 2-nonenal for 30 mins at 1pm and compared to the baseline (no
timed emission).

Figure 3.18: The indoor concentration of RO2 over 24 h, showing the impact of a timed emission
of 0.02 ppb s−1 of 2,5-DMBA or 2-nonenal for 30 mins at 1pm and compared to the baseline (no
timed emission).
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Figure 3.19: The indoor concentration of NOx over 24 h, showing the impact of a timed emission
of 0.02 ppb s−1 of 2,5-DMBA or 2-nonenal for 30 mins at 1pm and compared to the baseline (no
timed emission).

In these simulations, with the 2,5-DMBA emission, the OH concentration decreased from

2.3 × 106 to 1.7 × 105 molecule cm−3. For the 2-nonenal emission, the OH concentration

decreased to 7.2 × 105 molecule cm−3. O3 increases from 6.1 to 7.2 ppb with 2-nonenal

emission, but decreases from 6.1 to 5.5 ppb with 2,5-DMBA emission. These species also

affect HO2 and RO2 concentrations. HO2 decreases from 1.3 to 0.3 ppt with 2,5-DMBA

emission but increases to 3.0 ppt with 2-nonenal emission. RO2 decreases from 1.3 to

1.0 ppt with 2,5-DMBA emission but increases to 2.9 ppt with 2-nonenal emission. There

is little change (<1 ppb increase) in NOx concentrations with emission of either species.

These simulations indicate that these species could affect key indoor radical concentra-

tions and impact indoor air chemistry.

3.4 Summary

This chapter has described the operational workings of the detailed indoor chemical

model for Python (INCHEM-Py) and its respective updates. The rest of the thesis de-

scribes the further development of the model for surfaces, indoor-outdoor exchange and

far-ultraviolet light and uses the new developments to understand the respective impli-

cations on indoor air quality.



Chapter 4

The Role of Surfaces in Indoor Air

Chemistry

The methodology in this chapter has been included in Shaw et al. (2023) and the chapter

itself published as Carter et al. (2023). The hydrogen peroxide deposition and emission

data were provided by Dr. Dustin Poppendieck, but analysed and utilised accordingly by

myself.

4.1 Introduction

Indoor air pollution is a fairly modern area of study. There has been relatively little study

into indoor air quality as opposed to the extensive research conducted for outdoor air

pollution. The recent COVID-19 pandemic has highlighted the need for healthy indoor

environments and the public is now much more aware of the benefits of good indoor

air quality. This is important as people spend approximately 90% of their time indoors

(Klepeis et al., 2001), whether at home, at work, or commuting between the two.

Sources of indoor pollutants originate from a variety of household activities, including

cooking (Kang et al., 2019) and cleaning (Carslaw et al., 2017; Carslaw and Shaw, 2022).

Other notable sources include candle burning (Bekö et al., 2013) and emissions from in-

door surfaces (Poppendieck et al., 2007b), which are the focus of this chapter. These in-

door pollutant sources release volatile organic compounds (VOCs), which can react with

98
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oxidants in the gas-phase to form secondary pollutants, some of which are harmful to

human health (Nørgaard et al., 2014).

The impact of internal surfaces on indoor gas-phase chemistry is an increasingly impor-

tant area of focus (Ault et al., 2020). There are a wide range of surfaces indoors, such as

carpets, wooden flooring, painted walls, and also the human surface (skin), which can

act as both sinks and sources of indoor air pollutants (Fischer et al., 2013; Hodgson et al.,

1993; Cheng et al., 2015; Katsoyiannis et al., 2008).

Indoor materials can emit pollutants either as primary emissions released directly from

the surface, or as gas-phase transformation products that are formed following a surface

interaction. Primary emissions released directly from indoor surfaces and building mate-

rials include a wide array of chemical species, including carboxylic acids, aldehydes and

alcohols (Chin et al., 2019; Ruiz-Jimenez et al., 2022). Emission rates of species emitted

directly from surfaces are highest for new materials, but can continue to produce pollu-

tants as they get older (Morrison and Nazaroff, 2002a). In 30 newly constructed Korean

apartment buildings, approximately 60% of total indoor VOCs arose from flooring and

paint materials (Shin and Jo, 2013).

Secondary pollutants can also be formed following gas-phase surface interactions,

whereby a chemical reaction (often oxidation) with the surface instigates the release

of secondary species. The emission rates of these secondary pollutants are important

to quantify indoors, as they can be harmful to human health (Nazaroff and Weschler,

2004) and include aldehydes and ketones (Wang and Morrison, 2006; Cheng et al., 2015;

Poppendieck et al., 2007b; Katsoyiannis et al., 2008; Salthammer, 2019; Destaillats et al.,

2008), alkanes and alkenes (Hodgson et al., 1993), aromatics and esters (Xiong et al.,

2019), and secondary organic aerosols (SOA) (Waring and Siegel, 2013). Wang and Mor-

rison (2006) found that indoor surfaces continue to produce secondary pollutants over

a long period of time, with 14-year old surfaces in a house still a source of secondary

pollution. Indoor surfaces can therefore modify indoor air composition.

The composition of secondary emitted species are surface dependent. Short and long-

chain aldehydes are produced following ozone deposition onto soft fabrics (Cros et al.,
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2012; Lamble et al., 2011), whereas concrete surfaces emit short, straight-chain and aro-

matic aldehydes and ketones following ozone deposition (Poppendieck et al., 2007b).

Concrete surfaces likely emit other chemicals, but this study was limited by the instru-

mentation and quantification methods (Poppendieck et al., 2007b). Figure 4.1 shows the

surface interactions taking place in a standard home setting.

Figure 4.1: The chemical processes and transformations following deposition of oxidants on in-
ternal surfaces in the indoor environment.

Skin can be an important contributor to indoor gas-phase chemistry, particularly in

crowded spaces. Wang et al. (2022a) undertook a study of VOC emission rates from hu-

man skin, measuring a total VOC emission rate of 1150 µg hr−1 per person. This experi-

ment was performed on young adults with an average age of 25 years under ozone free
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conditions (< 1 ppb of ozone). Acetone and acetic acid had the largest emission rates

from skin, contributing 16% and 19% of the total VOC emission respectively. The total

VOC emission rate increased to 4450 µg hr−1 per person when ozone increased in con-

centration (to 36.3 ppb), suggesting that skin oxidation reactions were occurring and

contributing to the VOC emissions from the skin surface (Wang et al., 2022a). Further-

more, Liu et al. (2021) discovered that products of ozone-skin lipid chemistry continued

to contribute to measured VOC concentrations even in a home that had been empty for

five days. This indicates that surfaces act as sources and reservoirs of VOCs indoors and

can have a considerable effect on indoor chemistry.

Ozone can deposit onto a range of materials and surfaces indoors, where there are higher

surface area-to-volume ratios compared to outdoor environments. The respective rate of

deposition of an oxidant indoors, such as ozone, depends on the type of surface and how

that affects the transportation and uptake of the oxidant (Reiss et al., 1994). For example,

fleecy surfaces, such as carpets, have a higher oxidant deposition velocity (Morrison and

Nazaroff, 2000; Abbass et al., 2017) than smoother surfaces, such as wood or concrete

(Schripp et al., 2012; Poppendieck et al., 2007a; Lin and Hsu, 2015). Deposition velocities

of ozone onto indoor materials have been previously reviewed (Kruza et al., 2017; Shen

and Gao, 2018). There is often a wide variation in these values, where the age, nature

of the material surface, oxidant concentrations and the measurement technique can all

affect the deposition velocities that are determined through experiments (Lamble et al.,

2011; Wang and Morrison, 2006).

Hydrogen peroxide (H2O2) can also participate in indoor surface deposition, though it

has been much less studied than ozone in this respect (Zhou et al., 2020; Poppendieck

et al., 2021). Often used as a cleaning agent, hydrogen peroxide can photolyse to form

hydroxyl radicals (OH) (Kahan et al., 2012; Zhou et al., 2020), which initiate indoor gas-

phase chemistry. OH chemistry often dominates the gas-phase chemistry of indoor en-

vironments due to its high reactivity (Waring and Wells, 2015; Carslaw et al., 2017).

Poppendieck et al. (2021) determined the surface deposition velocities of hydrogen per-

oxide onto a range of common indoor surfaces, including carpets and concrete and the
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consequent emission rates of surface-formed species. Over a 6-hour period of indoor

surface exposure to hydrogen peroxide, less than 2 mg m−2 of secondary pollutants were

emitted. For exposure of flooring and wall coverings to ozone, between 1 and 20 mg m−2

of pollutants were emitted over 36 hours (Poppendieck et al., 2021, 2007b).

There has, to date, been little focus on how surface deposition of hydrogen peroxide

and subsequent surface interactions affect the indoor air chemistry. In fact, there is cur-

rently little experimental data evaluating the impact of surface deposition on indoor air

chemistry other than ozone. Therefore, this chapter uses experimental data on surface

deposition of ozone and hydrogen peroxide, as well as information relating to the ex-

tent and composition of indoor surfaces in three different indoor micro-environments,

to improve an existing model for indoor air chemistry. We use the model to investigate

the interaction of these two oxidants with internal surfaces and in so doing, gain a bet-

ter understanding of the consequent impacts on indoor air chemistry. The surface to

volume ratios of materials found indoors have been updated to incorporate recent litera-

ture. This update includes expanding the range of surfaces and emissions considered for

ozone interactions at the surface, but also defining completely new parameterisation for

hydrogen peroxide. The updated model has then been used to investigate the following

objectives:

• Explore the impact of indoor oxidation processes following ozone and hydrogen perox-

ide deposition onto indoor surfaces on indoor pollutant concentrations.

• Analyse the influence of a variety of surfaces on indoor gas-phase oxidant concentra-

tions.

• Determine whether different rooms in a building have unique oxidant uptake and hence

indoor air composition.

• Discover how our exposure to air pollution varies over the course of a typical working

day.
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4.2 Methods

4.2.1 The Model

This chapter focuses on the final term in the INCHEM-Py equation (Equation 3.11), and

in particular, incorporates deposition of ozone and hydrogen peroxide onto internal sur-

faces and the resulting emissions of secondary pollutants from those surfaces. Whilst the

ozone deposition and resulting emissions are an extension of the work by Kruza et al.

(2017), the hydrogen peroxide treatment is a new addition to INCHEM-Py.

4.2.2 Development of the Model

The first order loss rate of ozone (FsO3
) and hydrogen peroxide (FsH2O2

) to a surface (in s−1)

can be calculated using Equation 4.1 and Equation 4.2 respectively (Kruza et al., 2017).

These equations are surface-specific.

FsO3
= νdO3

A

V
(4.1)

FsH2O2
= νdH2O2

A

V
(4.2)

νdO3 and νdH2O2 represent the surface deposition velocities of ozone and hydrogen per-

oxide onto a material respectively (cm s−1). Following an interaction at the surface, the

emission rate, Ei (molecule cm−3 s−1), of a secondary pollutant (species i), can be calcu-

lated using Equation 4.3 and Equation 4.4 for ozone and hydrogen peroxide deposition

respectively (Morrison and Nazaroff, 2002a; Kruza et al., 2017).

Ei =
AνdO3

Yi CO3

V
(4.3)

Ei =
AνdH2O2

Yi CH2O2

V
(4.4)

In Equations 4.3 and 4.4, Yi is the production yield of species i emitted from a given sur-

face (dimensionless) and will arise from a combination of reactions with, or displace-
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ment from, the surface. CO3 and CH2O2 are the concentrations of indoor ozone and hy-

drogen peroxide respectively (molecule cm−3).

4.2.3 Oxidant Deposition

For this work, ozone deposition onto nine surfaces and hydrogen peroxide deposition

onto six surfaces was considered, based on available literature. The range of deposition

velocities of ozone (Sabersky et al., 1973; Lin and Hsu, 2015; Klenø et al., 2001; Grøntoft,

2002; Abbass et al., 2017; Gall et al., 2013; Tamás et al., 2006; Cros et al., 2012; Coleman

et al., 2008; Ye et al., 2020; Lamble et al., 2011; Rim et al., 2016; Poppendieck et al., 2007a;

Wang and Morrison, 2010, 2006; Nicolas et al., 2007; Morrison and Nazaroff, 2000; Fadeyi

et al., 2013; Yao et al., 2020; Di et al., 2017; Rai et al., 2014; Fischer et al., 2013; Wisthaler

and Weschler, 2010; Schripp et al., 2012; Mueller et al., 1973; Cox and Penkett, 1972;

Grøntoft and Raychaudhuri, 2004; Simmons and Colbeck, 1990; Cano-Ruiz et al., 1993)

and hydrogen peroxide (Poppendieck et al., 2021) are shown in Figure 4.2 and Figure 4.3

respectively. For the model simulations, the median deposition velocity was utilised.

Figure 4.2: The distribution of reported ozone deposition velocities onto a range of indoor sur-
faces, including the median, the upper (75% percentile) and lower (25% percentile) quartiles, the
upper whisker (Q3 + 1.5*IQR) and the lower whisker (Q1 −1.5*IQR) in cm s−1. Values which fell
outside the range of the upper and lower whiskers are also included in the plot as small circles. n
denotes the total number of measurements per surface. m denotes the total number of studies
consulted.
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Figure 4.3: The distribution of reported hydrogen peroxide deposition velocities onto a range of
indoor surfaces, including the median, the upper (75% percentile) and lower (25% percentile)
quartiles, the upper whisker (Q3 + 1.5*IQR) and the lower whisker (Q1 −1.5*IQR) in cm s−1. n
denotes the total number of measurements per surface. m denotes the total number of studies
consulted.

Figure 4.2 shows that skin has the highest median ozone deposition velocity (0.60 cm

s−1) out of the nine indoor materials evaluated. Plastic and soft fabric surfaces also have

higher median ozone deposition velocities compared to the other surfaces (0.24 and 0.15

cm s−1 respectively). Figure 4.3 shows that soft fabric materials were found to have the

highest median hydrogen peroxide deposition velocity (0.26 cm s−1), which was higher

than the median ozone deposition velocity.

4.2.4 Production Yields of Species from Surfaces

The production yields of species emitted from a range of surfaces as a result of ozone

and hydrogen peroxide deposition have been collated from a range of literature sources

(Wang and Morrison, 2010; Weschler et al., 2007; Kruza and Carslaw, 2019; Cheng et al.,

2015; Poppendieck et al., 2007b, 2021; Coleman et al., 2008), and incorporated into the

model (Table 4.1 and Table 4.2).
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Table 4.1: Production yields following ozone deposition onto soft fabric, painted (Wang and Mor-
rison, 2010), skin (Weschler et al., 2007; Kruza and Carslaw, 2019), wooden (Cheng et al., 2015),
metallic, concrete, paper (Poppendieck et al., 2007b), and plastic (Coleman et al., 2008) surfaces.
Absence of a yield indicates it was below the limit of detection (LOD) or the species wasn’t mea-
sured for that surface. The units are dimensionless.

Production Yield (dimensionless)
Species Soft Fabrics Paint Skin Wood Metal Concrete Paper Plastic Glass
Formaldehyde 3.4x10−2 - - 7.2x10−1 6.9x10−4 4.2x10−4 4.5x10−4 1.9x10−2 -
Acetaldehyde 4.0x10−3 - - 3.9x10−1 6.6x10−4 4.7x10−4 1.9x10−3 1.3x10−2 -
Propanal 5.0x10−3 - - 1.9x10−1 2.4x10−4 2.9x10−4 2.2x10−4 - -
Butanal 3.5x10−3 - - 1.9x10−1 1.1x10−4 1.2x10−4 1.9x10−4 5.1x10−3 -
Pentanal 5.8x10−3 - - 1.4x10−1 9.1x10−5 6.3x10−5 2.9x10−4 5.1x10−3 -
Hexanal 2.0x10−2 - - 1.0x10−1 1.7x10−4 1.1x10−4 1.0x10−3 5.1x10−3 -
Heptanal 6.4x10−3 - - - - - 2.5x10−5 5.1x10−3 -
Octanal 6.1x10−3 1.0x10−2 - - 1.7x10−6 - 1.9x10−5 5.1x10−3 -
Nonanal 4.8x10−2 1.3x10−1 1.8x10−2 - - - 1.3x10−5 3.3x10−2 -
Decanal 1.4x10−2 4.3x10−2 2.6x10−2 - - - - 2.6x10−2 -
2-Nonenal 1.9x10−3 - - - - - - - -
Acrolein - - - 2.3x10−1 - - - - -
Methacrolein - - - 4.0x10−2 - - - - -
Crotonaldehyde - - - 1.2x10−1 5.8x10−5 1.1x10−5 - - -
Benzaldehyde - - - 1.4x10−1 - 3.0x10−5 1.0x10−4 - -
m-Tolualdehyde - - - 1.0x10−1 5.9x10−6 - 1.1x10−5 - -
4-OPA - - 2.6x10−2 - - - - - -
Acetone - - 4.9x10−3 - - 4.6x10−4 1.3x10−3 2.4x10−2 -
Formic Acid - - 8.5x10−3 - - - - - -
Acetic Acid - - 6.5x10−3 - - - - - -
Isopentanal - - - - 3.2x10−5 1.4x10−5 1.7x10−4 - -
2,5-DMBA - - - - - 2.6x10−6 - - -

Table 4.2: Production yields for species as a result of hydrogen peroxide deposition onto indoor
surfaces (Poppendieck et al., 2021). Absence of a yield indicates it was below the limit of detection
(LOD). The units are dimensionless.

Production Yield (dimensionless)
Species Soft Fabrics Paint Skin Wood Metal Concrete Paper Plastic Glass
Formaldehyde 8.8x10−6 - - 2.0x10−5 2.8x10−5 2.1x10−5 - - -
Acetaldehyde 6.5x10−6 - - 3.9x10−5 3.4x10−6 3.2x10−6 - - -
Propanal 1.1x10−7 - - 4.4x10−7 - 1.7x10−6 1.0x10−6 - -
Butanal 5.4x10−6 - - 4.5x10−6 - 1.7x10−6 - - -
Isopentanal - - - 2.1x10−6 - 4.8x10−7 - - -
Pentanal - - - 1.8x10−7 - 1.2x10−6 - - -
Hexanal 8.0x10−8 - - 3.8x10−6 2.8x10−7 2.1x10−7 - - -
Heptanal - - - 1.0x10−6 - 2.4x10−7 - - -
Octanal - - - 2.2x10−7 - 2.2x10−7 - - -
Nonanal - - - 2.4x10−7 - - - - -
Crotonaldehyde 2.6x10−7 - - 3.0x10−6 3.8x10−6 7.2x10−7 1.2x10−5 - -
Benzaldehyde - - - - 3.4x10−6 1.4x10−7 - - -
m-Tolualdehyde - - - 6.5x10−7 1.9x10−7 - - - -
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4.2.5 Indoor Spatial Representation

It is important to consider the surface area of a material in the indoor environment, to

better understand how oxidant sorption onto materials, and the transformations that

subsequently occur, impact indoor air quality (Manuja et al., 2019; Ye et al., 2020). Re-

cent studies (Manuja et al., 2019; Hodgson et al., 2004; Morgan and Cruickshank, 2014)

have provided typical room sizes and surface area compositions. These studies provide

the basis for predicting how replacing an indoor surface, for example a wooden floor,

with an ’emission-free’ or ’VOC friendly’ alternative, will affect deposition, emissions and

subsequently the impact on indoor air chemistry (Cheng et al., 2015).

Surfaces have been included in INCHEM-Py, and are categorised by material. For ex-

ample, fleecy carpets and cushioned sofas are represented under the ’Soft Fabric’ cate-

gory, whereas wooden door frames and floors are assumed to be wooden surfaces. Most

household items can then be considered in the model when analysing indoor surface de-

position. The total surface area of each specific surface is divided by the total volume of

the indoor space to yield a surface-specific surface area-to-volume ratio. Using a com-

prehensive study which measured the total surface area of common indoor materials in

bedrooms, kitchens and work offices (Manuja et al., 2019), surface areas of each mate-

rial have been averaged for each type of room and the surface-specific surface area-to-

volume ratios calculated (Table 4.3, Table 4.4 and Table 4.5).

The average volumes of the bedroom, kitchen and office with their specific contents were

29, 25 and 35 m3 respectively based on Manuja et al. (2019). For the model simulations,

it was assumed that two adults would be present in the bedroom, one adult would be

present in the kitchen and three adults present in the office. Adults are assumed to have

≈ 2 m2 of skin surface (Fischer et al., 2013). Clothing is assumed to contribute to the ’skin’

surface, as fabrics soiled with secreted skin oils and flakes have a similar ozone deposition

velocity and respective secondary pollutant emission yields to bare skin (Rai et al., 2014;

Lakey et al., 2017; Kruza and Carslaw, 2019).
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Table 4.3: The surface areas and surface-to-volume ratios of materials found in a representative
bedroom, based on an assumed volume of 29 m3 and based on Manuja et al. (2019).

Surface Area (m2) Surface-to-Volume Ratio (m−1)
Material ±Standard Deviation ±Standard Deviation
Soft Fabric 18.72 ±6.3 0.646 ±0.22
Paint 41.79 ±12.1 1.44 ±0.42
Skin 4.00 ±0.50 0.138 ±0.02
Wood 16.20 ±10.7 0.559 ±0.37
Metal 1.10 ±0.96 0.038 ±0.03
Concrete 0.003 ±0.01 0.0001 ±0.0003
Paper 2.10 ±5.8 0.073 ±0.20
Plastic 2.48 ±1.5 0.086 ±0.05
Glass 1.29 ±0.9 0.045 ±0.03
Total 87.68 ±6.1 3.02 ±1.0

Table 4.4: The surface areas and surface-to-volume ratios of materials found in a representative
kitchen, based on an assumed volume of 25 m3 and based on Manuja et al. (2019).

Surface Area (m2) Surface-to-Volume Ratio (m−1)
Material ±Standard Deviation ±Standard Deviation
Soft Fabric 2.02 ±4.8 0.081 ±0.19
Paint 24.80 ±9.1 0.992 ±0.37
Skin 2.00 ±1.5 0.080 ±0.06
Wood 16.63 ±7.7 0.665 ±0.31
Metal 7.77 ±4.6 0.311 ±0.18
Concrete 1.17 ±1.5 0.048 ±0.06
Paper 0.204 ±0.27 0.008 ±0.01
Plastic 7.24 ±9.2 0.290 ±0.37
Glass 1.49 ±1.6 0.058 ±0.06
Total 63.27 ±5.6 2.53 ±0.9

Table 4.5: The surface areas and surface-to-volume ratios of materials found in a representative
office, based on an assumed volume of 35 m3 and based on Manuja et al. (2019).

Surface Area (m2) Surface-to-Volume Ratio (m−1)
Material ±Standard Deviation ±Standard Deviation
Soft Fabric 10.51 ±6.3 0.300 ±0.18
Paint 34.68 ±4.6 0.991 ±0.13
Skin 6.00 ±0.50 0.171 ±0.01
Wood 21.86 ±9.3 0.625 ±0.26
Metal 13.36 ±8.2 0.382 ±0.23
Concrete 0.000 ±0.00 0.000 ±0.00
Paper 3.36 ±1.5 0.096 ±0.04
Plastic 32.85 ±8.3 0.939 ±0.24
Glass 5.05 ±6.5 0.144 ±0.19
Total 127.69 ±6.0 3.65 ±1.0
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4.2.6 Model Parameterisation

The model was initialised to simulate a typical apartment located in suburban London.

The temperature of the apartment was assumed to be 19.9 °C and the relative humid-

ity 53.8 %, based on the mean values from extensive monitoring of air quality in homes

across the United Kingdom (Ministry of Housing & Communities & Local Government

(UK Government), 2019). Nazaroff (2021) undertook a comprehensive literature review

of air change rates (ACR) in residential properties in Europe, North America and central

Asia, and concluded that an appropriate median value of air change rates in homes is 0.5

hr−1, with 95% of residential air change rates existing within a 0.125 and 2.0 hr−1 range.

These findings were used to bound the ACR values in the model simulations.

Indoor photolysis rates are incorporated into the model and include the impact of in-

door artificial light plus attenuated sunlight (Shaw and Carslaw, 2021; Wang et al., 2022b;

Shaw et al., 2023). For these simulations, incandescent lighting is used and the windows

assumed to admit sunlight with a wavelength down to 308 nm (’Glass C’ in (Wang et al.,

2022b)). The indoor lights were turned on at 07:00 GMT and switched off at 19:00 GMT.

The date was assumed to be the 21st June and the latitude is set to that of central London,

51.5 °N.

The outdoor concentrations of key atmospheric species including OH, HO2 and the

methylperoxy radical (CH3O2), are defined in the model by diurnal profiles determined

by the solar zenith angle (Carslaw, 2007). The outdoor concentrations of O3, NO (nitric

oxide) and NO2 (nitrogen dioxide) were based on measurements in suburban London

over the course of three summer months and follow a diurnal profile (Shaw and Carslaw,

2021; EEA, 2018). The average outdoor concentrations for these species for all of the sub-

sequent model runs are provided in Table 4.6. The outdoor VOC and non-VOC concen-

trations used in this chapter are given in Tables 3.4 and 3.5 in Chapter 3. The outdoor

hydrogen peroxide concentration in the model is assumed to be 1.3 ppb, based on He

et al. (2010).

For the inclusion of people in the model, breath emissions have also been added (Table
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Table 4.6: The average outdoor concentration of outdoor atmospheric species in suburban Lon-
don.

Average Outdoor
Species Concentration
OH 1.4 x 106 molecule cm−3

HO2 2.5 ppt
CH3O2 0.54 ppt
O3 24.9 ppb
NO 2.8 ppb
NO2 3.4 ppb

4.7), using data from Kruza and Carslaw (2019), tailored according to how many adults

are assumed to be present in each indoor space (Shaw et al., 2023).

Table 4.7: The emission rates of VOCs in breath for adults and children (in molecule cm−3 s−1).

Species Adult Emission Rate Child Emission Rate
Acetone 2.5 x 107 4.8 x 106

Ethanol 2.0 x 107 3.0 x 106

Methanol 8.5 x 106 3.1 x 106

Isopropanol 3.9 x 106 6.6 x 105

Isoprene 5.4 x 106 6.0 x 105

4.3 Results and Discussion

4.3.1 The Uptake of Ozone and Hydrogen Peroxide on Indoor Surfaces

Kruza et al. (2017) found that 85% of the ozone present indoors was deposited onto in-

door surfaces in their simulated apartment, conducted with an air change rate of 0.76

hr−1. Similarly to this study, Kruza et al. (2017) also included surface specific deposition

rates. This study has yielded comparable results, with 94, 91 and 94% of ozone deposited

onto indoor surfaces in the bedroom, kitchen and office respectively. In addition, 96, 94

and 95% of indoor hydrogen peroxide is deposited onto indoor surfaces in the bedroom,

kitchen and office respectively, with these model simulations using an air change rate of

0.5 hr−1. These values reinforce the idea that indoor surfaces provide a key role in the
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removal of ozone and hydrogen peroxide in the indoor environment.

For an air change rate of 2.0 hr−1, the total deposition of indoor ozone and hydrogen

peroxide onto surfaces was 78 and 87% in the bedroom, 78 and 81% in the kitchen, and 86

and 84% in the office respectively. Under these higher air change rate conditions, more of

the oxidant migrates to the outdoor environment before reacting with an indoor surface.

Figure 4.4 provides a breakdown of the percentage of the total deposition of ozone and

hydrogen peroxide onto different indoor surfaces in the different study locations. The

surface area of each material as a percentage of the total in each room is also given in

Figure 4.4.

The importance of individual surfaces varies between rooms. For instance, soft fabric

materials are responsible for 38% of the total ozone deposition in the bedroom, yet rep-

resent only 21% of the total surface area in the bedroom. Meanwhile, painted surfaces,

which represent >45% of the bedroom surface area are only responsible for 17% of the

total ozone deposition. In the kitchen and the office, soft fabrics represent approximately

3% and 8% of the total surface area respectively, but account for 7% and 11% of the to-

tal ozone deposition in these individual rooms. Plastic surfaces in the kitchen and the

office are the most important ozone sink in these spaces, whilst metal, concrete, paper

and glass surfaces are responsible for <1% of ozone deposition, owing to small surface

areas and low ozone deposition velocities. Despite a low overall surface area, deposition

of ozone onto skin was the second biggest deposition sink in all three rooms, highlighting

the importance of occupants on ozone deposition indoors.

The rate of ozone deposition onto indoor surfaces changes with room type and surface

area of a material (Weschler, 2000). For example, the rate of deposition of ozone onto

soft fabrics decreases by a factor of approximately 6 when moving from the bedroom to

the kitchen, as there are fewer soft surfaces in the latter. For plastic surfaces, the rate of

ozone deposition in an office is approximately 14 times more than the deposition rate

in the bedroom. Painted surfaces have a more comparable impact in different rooms,

where the total ozone deposition only fluctuates by approximately 10% between the of-

fice, bedroom and kitchen.
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Figure 4.4: The percentage distribution of ozone and hydrogen peroxide deposition by surface
for the studied rooms. The surface area of each material as a percentage of the total in each room
are also included.
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Figure 4.4 shows that indoor hydrogen peroxide deposition shows some similarities to

ozone deposition. Soft fabrics are the most important material in the bedroom, account-

ing for 44% of the hydrogen peroxide deposition. However, unlike with ozone, hydrogen

peroxide deposits predominantly onto painted surfaces in the kitchen (40%) and the of-

fice (32%). There are no data for hydrogen peroxide deposition onto plastic, glass and

skin surfaces. Metallic surfaces have a larger proportion of hydrogen peroxide uptake

than ozone in the kitchen and office, contributing to 15% of hydrogen peroxide uptake

in both rooms. In absolute terms, the rates at which hydrogen peroxide deposits onto

indoor surfaces are lower than for ozone, primarily due to the low indoor hydrogen per-

oxide concentration (averaged at 0.06 ppb over the three rooms). For hydrogen peroxide,

the deposition rates are more closely aligned to the individual surface areas than ozone,

given the deposition velocities vary over a smaller range than for ozone.

The average concentrations of key indoor species during the day (7am - 7pm) are re-

ported in Table 4.8, for scenarios with no deposition (baseline) and then also assuming

empty or occupied (two people in the bedroom, one in the kitchen, three in the office)

rooms. The occupied and unoccupied simulations include deposition for both ozone

and hydrogen peroxide.

These modelled concentrations can be compared to experimental studies which mea-

sured indoor aldehyde species. Uchiyama et al. (2015) reported concentrations of 0.16

ppb, 0.25 ppb, 1.4 ppb and 0.40 ppb for heptanal, octanal, nonanal and decanal respec-

tively in Japanese homes. These measurement studies were carried out in various homes,

each containing different materials and hence surface properties. The results (see Table

4.8) are comparable to these measured values, although the simulated heptanal concen-

trations are slightly lower than measured.

Indoor formaldehyde (19.2 ppb) and acetaldehyde (10.8 ppb) measurements from

Uchiyama et al. (2015) however, were much higher than our results (factor of >24 and

>11 higher respectively), although these are more likely to be influenced by human ac-

tivities (such as cooking, cleaning and smoking) that we don’t consider here. Indoor con-

centrations of these species have also likely decreased over time, as there is now more
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Table 4.8: The average indoor concentration for a range of species in a bedroom, kitchen and
office during the day, whilst the lights are on (7am to 7pm). The units for the concentration of OH
are molecule cm−3, the units for the concentration of HO2 and RO2 are ppt and the units for the
rest of the species are given in ppb.

Baseline Unoccupied Occupied
Species Bedroom Kitchen Office Bedroom Kitchen Office Bedroom Kitchen Office
OH 1.1x106 1.2x106 9.9x105 8.9x105 9.7x105 8.6x105 7.4x105 9.0x105 6.1x105

HO2 3.6 3.7 3.5 1.0 1.2 0.80 1.3 1.3 1.2
RO2 5.8 5.7 5.9 1.6 1.9 1.2 1.7 1.9 1.5
O3 26.6 27.0 26.1 2.5 3.5 1.5 1.8 2.7 1.2
NO 0.40 0.44 0.36 2.1 1.9 2.5 2.2 2.1 2.4
NO2 0.76 0.88 0.65 0.59 0.70 0.45 0.55 0.66 0.44
Formaldehyde 0.38 0.45 0.31 0.62 0.79 0.47 0.63 0.77 0.53
Acetaldehyde 0.47 0.54 0.41 0.68 0.92 0.58 0.61 0.82 0.53
Propanal 0.13 0.15 0.12 0.25 0.33 0.18 0.21 0.28 0.16
Butanal < 0.01 < 0.01 < 0.01 0.11 0.19 0.09 0.08 0.15 0.07
Pentanal 0.03 0.03 0.03 0.13 0.18 0.10 0.10 0.14 0.08
Hexanal 0.03 0.04 0.03 0.19 0.17 0.11 0.14 0.14 0.09
Heptanal 0.02 0.03 0.02 0.07 0.06 0.06 0.05 0.05 0.05
Octanal 0.08 0.08 0.08 0.24 0.21 0.22 0.20 0.18 0.20
Nonanal 0.47 0.46 0.48 2.0 1.7 1.6 1.8 1.6 1.5
Decanal 0.13 0.13 0.13 0.66 0.73 0.73 0.75 0.77 0.82
4-OPA < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.08 0.08 0.06

awareness of the potential harm related to formaldehyde emissions from materials and

furnishings (Ruiz-Jimenez et al., 2022).

4.3.2 Secondary Pollutants from Surface Interactions

Following oxidant deposition onto indoor surfaces in an occupied office, there was

an increase in secondary pollutants, particularly in straight-chained aldehyde species

compared to simulations with no deposition (Figure 4.5). Following ozone deposition,

nonanal had the highest concentration (1.52 ppb), where emissions from plastic surfaces

contributed the most. The concentration of decanal increased by ≈500% following ozone

deposition onto surfaces. However, the percentage change in most aldehyde concentra-

tions following hydrogen peroxide deposition was negligible and some concentrations

even decreased slightly (≈−0.5% change from the baseline).

Surface deposition gives rise to numerous secondary pollutants, some of which are harm-

ful to health. Carslaw and Shaw (2019) defined a metric for comparing the potential

health impacts of the secondary pollutants that arose under different indoor conditions,
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Figure 4.5: The concentrations of straight-chained aldehyde species and 4-oxopentanal (4-OPA)
in an office with and without oxidant deposition onto surfaces.

using the so-called ’Secondary Product Creation Potential (SPCP)’. This metric has been

adapted to consider the different model simulations here and is defined in Equation 4.5

as:

SPC P mod =Σ


[Total Organic Nitrates] + [PAN s] + [O3] +

[Gl yoxal ] + [For maldehyde] + [Acet al dehyde] +

[Pr opanal ] + [But anal ] + [Pent anal ] + [Hexanal ] +

[Hept anal ] + [Oct anal ] + [Nonanal ] + [Decanal ]

 (4.5)

SPCPmod therefore provides the sum of the concentrations of potentially harmful pollu-

tants that are formed under different model scenarios with units of ppb. This metric is

a guideline value only, as we currently lack information on the health effects of some of

these species and they are unlikely to exert an equal influence on human health. How-

ever, it does provide a guide to the harmful concentrations that could be attained indoors

under different conditions.

For the three modelled rooms (with both ozone and hydrogen peroxide deposition in-

cluded), the SPCPmod values were 5.8, 6.7 and 4.8 ppb for the bedroom, kitchen and the

office respectively, averaged over a full day. The concentrations of hexanal, octanal and

nonanal were found to be highest in the bedroom (0.12 ppb, 0.19 ppb and 1.72 ppb),
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whereas the concentration of decanal was found to be highest in the office (0.77 ppb).

There were assumed to be three people present in the office, giving skin a higher surface

to volume ratio (Weschler et al., 2007) than the other rooms, resulting in a higher decanal

concentration. The rest of the species present in Equation 4.5 were found to have the

highest concentrations in the kitchen.

4.3.3 Monitoring Individual Exposure to Indoor Air Pollution

Using our results, we have considered a typical day spent indoors, to determine the expo-

sure to specific indoor air pollutants that might be experienced (Figure 4.6). We assumed

that, on a typical day, a person will spend from: 00:00 - 07:00 h in the bedroom, 07:00 -

08:00 in the kitchen, 08:00 - 08:30 h outdoors (walking to the office), 08:30 - 12:00 h in the

office, 12:00 - 13:00 h outdoors (lunch break outside), 13:00 - 17:00 h in the office, 17:00 -

17:30 h walking home outdoors, 17:30 - 19:00 h in the kitchen, 19:00 - 22:00 h in the living

room, then the rest of the day in the bedroom. It was assumed there were no high con-

centration activities such as cooking and cleaning. We assumed that the bedroom was a

proxy for the living area given we did not study this particular micro-environment, but it

is likely to be dominated by similar soft furnishings.

The concentrations of key indoor radical species varied throughout the day, depending

on time and location. The highest concentrations for pollutants tend to correspond with

time spent outdoors, given that many of them are predominantly generated outdoors un-

der our simulated conditions (no cooking or cleaning). The highest indoor concentration

of OH was 1.1 x 106 molecule cm−3 at 7:58 am in the kitchen. The OH concentration is

driven by the reaction of NO with HO2. NO concentrations are higher in the morning as

it is generated by rush-hour traffic from outdoors, which will ingress inside.

Our results show that of our total pollutant exposure over the course of the day, 60% of

OH, 81% of HO2, 32% of O3 and 77% of NOx exposure happens indoors. The highest

exposure to OH (32%) and NOx (43%) is found in the office, whereas the highest exposure

to HO2 (53%) is found in the bedroom and living room, primarily due to the duration

of time spent in these rooms over the course of a day. The total pollutant exposure (%)
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Figure 4.6: The concentrations of OH (molecule cm−3), HO2 (ppt), O3 and NOx (ppb) a person
may be exposed to throughout the course of a typical day. The red shading on the graph indicates
time spent in the bedroom, blue indicates time spent in the kitchen, green indicates time spent in
the office, white indicates time spent outdoors and yellow indicates time spent in the living room.

experienced in each micro-environment over the course of the day is given in Table 4.9.

Table 4.9: The total pollutant exposure (%) experienced in different micro-environments over the
course of a day. This is assuming a person spends 9 hours in the bedroom, 2.5 hours in the kitchen,
7.5 hours in the office, 2 hours outdoors and 3 hours in the living room.

Pollutant Exposure (%)
Location OH HO2 O3 NOx

Bedroom/Living Room 16 53 15 23
Kitchen 12 9 7 10
Office 32 19 10 43
Outdoors 40 19 68 23

4.3.4 Surfaces for the Future

INCHEM-Py has been used to explore whether replacing individual surfaces can improve

the indoor air quality. This is important as we consider more eco-friendly and sustain-

able materials to replace older, less environmentally beneficial surfaces in the future. In

the bedroom and kitchen in this study, wooden surfaces drive emission rates of shorter-

chained aldehyde species (C1-C5) following oxidant deposition, with soft fabric and plas-

tic surfaces accounting for increased concentrations of longer-chained aldehyde species
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(C6-C10). Concrete surfaces had the lowest rate of production for the majority of the

straight-chain aldehydes, primarily due to their low surface-to-volume ratio. Occupants

produced increases in the concentrations of decanal and 4-oxopentanal (4-OPA), both

products of skin lipid ozonolysis (Weschler, 2016), which could be important for spaces

which contain large groups of people.

We ran model simulations, replacing wooden surfaces in the bedroom and the kitchen

with concrete surfaces to determine the impact on indoor air chemistry. In addition,

the plastic surfaces in the office were replaced with concrete surfaces. The percentage

difference of the concentration of straight-chained aldehydes and key indoor species

were then calculated. When wooden materials are replaced by concrete equivalents in

the bedroom and the kitchen respectively, most concentrations decreased: formalde-

hyde (by −14% and −24%), acetaldehyde (−19% and −28%), propanal (−30% and −45%),

butanal (−76% and −81%), pentanal (−45% and −59%) and hexanal (−22% and −46%).

Heptanal, octanal, nonanal and decanal concentrations all increased, but by minimal

amounts (≈1%). This material replacement produced little change in radical concentra-

tions in the bedroom and the kitchen.

In the office, where plastic was replaced by concrete, the concentration of short-chained

aldehydes formaldehyde and propanal increased by 6% and 28% respectively, whereas

octanal and decanal concentrations decreased by 19% and 10% respectively. However,

the concentrations of HO2 and RO2 both increased by ≈37%, indicating a wider pertur-

bation to the indoor chemistry. The concentration of ozone nearly doubled under these

conditions, owing to the lower ozone deposition velocity of concrete, therefore, ozone

will have a higher ambient indoor concentration if plastic is replaced by concrete. Al-

though it may not be the most visually appealing, concrete surfaces contribute less to

indoor air pollution than plastic or wooden surfaces and could improve indoor air qual-

ity.
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4.4 Conclusions

This chapter evaluates how indoor surfaces react with oxidants to impact indoor air qual-

ity in a kitchen and bedroom in a home environment and an office in a work environ-

ment. The model results demonstrated that the importance of individual surfaces varied

between different rooms. The dominant surfaces were those with the largest deposition

velocities and/or surface areas. Large unreactive surfaces and small reactive surfaces had

minimal impact on modelled concentrations. Further experiments focussing on surface

deposition of a wider range of oxidants and the respective production yields for emitted

species and for a range of surfaces, would be highly beneficial.

This chapter has evaluated the exposure of indoor air pollution for a person over the

course of a day and the formation of potentially harmful pollutants. It was determined

that whilst indoors, OH concentration during the day was highest in the kitchen, whereas

the HO2 concentration was highest early in the morning, in the bedroom. A modified

value of the Secondary Product Creation Potential (SPCPmod) was highest in the kitchen

and lowest in the office, indicating greater total exposure to potentially harmful air pol-

lutants in the kitchen than the bedroom and the office. However, in order to make these

assessments more accurate, there needs to be more detailed information on the relative

health impacts of the different species that have been studied. This would help us to

better understand how changing surfaces impact on health, as changing a surface will

inevitably increase some concentrations, but reduce others.



Chapter 5

The Role of Indoor Activities in Urban

Environments

Material from this chapter has been published in Carter et al. (2024). The ADMS data

was provided by Professor David Carslaw, but analysed and utilised accordingly by myself.

Figure 5.1 was designed by me and invited to be the inside front cover for the June 2024

edition of the journal Environmental Science: Processes and Impacts.

Figure 5.1: A graphic which shows the possible release of cooking and cleaning pollution from
homes in an urban community.

120



CHAPTER 5. THE ROLE OF INDOOR ACTIVITIES IN URBAN ENVIRONMENTS 121

5.1 Introduction

Air pollution exposure is classified as the fourth most important global risk factor for hu-

man health (Juginović et al., 2021; Rafaj et al., 2018), with the World Health Organisation

(WHO) attributing 6.7 million deaths per year to poor outdoor and indoor air quality

(World Health Organisation, 2023). The WHO noted that household air pollution caused

approximately 3.2 million of these annual deaths (World Health Organisation, 2023), with

most of these occurring in lower income countries.

The public are becoming more aware of the health effects of air pollution, especially since

the COVID-19 pandemic, which has also increased media interest in the topic. Conse-

quently, there is heightened awareness that healthy indoor environments are important,

particularly given we spend approximately 90% of our time indoors in high income coun-

tries like the UK (Klepeis et al., 2001), and where we receive most of our exposure to air

pollution (Goldstein et al., 2021).

Household activities such as cooking and cleaning contribute to indoor air pollution.

Cooking can emit primary pollutants including particulate matter (ultrafine and fine),

nitrogen oxides and a variety of volatile organic compounds (VOCs) (Sankhyan et al.,

2022; Tang and Pfrang, 2023; Kang et al., 2019; Seaman et al., 2009; Klein et al., 2019; Bekö

et al., 2013; Wang et al., 2020a). The inhalation of particulate matter (PM) especially, has

been found to affect our cardiovascular system: the risks can be accentuated through

prolonged exposure (Nelin et al., 2012), such as might be the case when in close proxim-

ity during the preparation of a meal, or for those working in a commercial kitchen.

Secondary pollutants can be formed indoors mainly from the gas-phase reaction of VOCs

with indoor oxidants, including ozone (O3) and hydroxyl (OH) and nitrate radicals (NO3)

(Weschler and Carslaw, 2018; Waring and Wells, 2015; Carslaw, 2013; Rosales et al., 2022;

Carslaw and Shaw, 2022; Chen et al., 2021; Kruza et al., 2021). These secondary chemi-

cals can be more harmful to human health than the primary species themselves (Wolkoff

et al., 2000; Wolkoff, 2020).

Different cooking methods including roasting, frying and grilling, all with varying chemi-
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cal signatures: heating methods (e.g. gas versus electric) and food types also affect emis-

sions (Arata et al., 2021; Ahn et al., 2014; Abdullahi et al., 2013). Cooking oils and spices

have chemical fingerprints which can often pinpoint what type of meal is being prepared

(Zhang et al., 2019; Abdullahi et al., 2013; Chen et al., 2018; Kim et al., 2011). For exam-

ple, Davies et al. (2023) attributed garlic, ginger and chilli preparation to emissions of

monoterpene species, whereas increases in concentrations of eucalyptol and sesquiter-

penes were observed when these spices were cooked. The same study found that al-

cohol mixing ratios (mostly methanol) exceeded 1500 ppb, alkane mixing ratios (mostly

nonane) were approximately 170 ppb and acetaldehyde mixing ratios exceeded 70 ppb

during the cooking of a chicken stir fry (Davies et al., 2023). These experiments were

conducted in a ≈4.3 × 2.2 × 2.3 m space in a shipping container, where the air change rate

was 0.77 h−1.

Long, straight-chain alkanes are often produced from heating oils, including octane and

nonane, which are produced from rapeseed oil (Davies et al., 2023). The corresponding

aldehydes, octanal and nonanal, are also frequently produced from cooking fats and oils

(Schauer et al., 1999; Klein et al., 2016). These long-chained aldehydes are currently rel-

atively understudied in both indoor and outdoor air. Wernis et al. (2022) reported that

nonanal had a mean concentration (from hourly measurements taken over the course

of a month) of 150 ppt in suburban Livermore (California, USA). Indoor cooking from a

commercial restaurant was identified as the likely source.

Cleaning is also a major contributor to indoor air pollution. Semi-volatile organic com-

pounds (SVOCs) and VOCs, including aromatics, alkanes and monoterpenoids are emit-

ted from cleaning products (Calderon et al., 2022; Nazaroff and Weschler, 2004; Zhou

et al., 2020; Odabasi, 2008; Harding-Smith et al., 2024), some of which are known to

be detrimental to human health (Dodson et al., 2012; Alford and Kumar, 2021; Shuai

et al., 2018). Chlorinated species are also produced from cleaning, potentially increas-

ing the risk of an asthma attack (Medina-Ramón et al., 2005; Archangelidi et al., 2021)

and other adverse health-effects (Hoyle and Svendsen, 2016; Weill et al., 1969). Calderon

et al. (2022) discovered that gas-phase concentrations of chloroform were 1131% higher
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in indoor breathing zones than ambient indoor concentrations when bleach cleaning

products were used. Chloroform is a suspected carcinogen and can affect the central

nervous system (Health Protection Agency, 2007). During an occupational study, office

workers were exposed to mixing ratios of between 14 and 400 ppm of chloroform. The

health effects were reported to be jaundice, nausea, vomiting and toxic hepatitis (Health

Protection Agency, 2007; Bingham et al., 2001; Agency for Toxic Substances and Disease

Registry (ATSDR), 1997).

One of the most prominent sources of indoor pollution is from the outdoor environment

(Leung, 2015; Shrestha et al., 2019). Outdoor air pollution can ingress into indoor spaces

including homes and offices via windows and doors, but also through mechanical ven-

tilation, which is now increasingly employed in the modern construction of new build-

ings (Link et al., 2023a). In more leaky buildings, this pollutant transport is accentuated

(Vu et al., 2022). However, indoor air pollutants can also move outdoors. The impact

of indoor air pollutants on outdoor air quality has started to receive attention only re-

cently, with a number of studies identifying enhancements of outdoor species concen-

trations from emissions that had originated from indoor environments (McDonald et al.,

2018; Borbon et al., 2023; Gkatzelis et al., 2021). However, the details of how these indoor

emissions impact the outdoor ambient atmosphere remains largely unexplored. These

household emissions could have a significant impact in urban areas, particularly those

with densely packed housing and at times when many homes are emitting pollutants, for

example, when cooking.

One example of indoor activities having an impact on outdoor air quality is wood stove

use, particularly when numerous stoves are burning in a relatively small area, or in a

valley during temperature inversions. This type of situation may lead to high local con-

centrations of PM2.5. For instance, PM2.5 concentrations up to 48.0 ±27.7 µg m−3 were

recorded in a mountainous hollow in Slovenia (Glojek et al., 2022), similar to PM2.5 con-

centrations found in more densely populated urban locations across Europe (Glojek

et al., 2022). During wood stove use, emissions are transported to the outdoor environ-

ment through distinct plumes with high concentration gradients, compared to cooking
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and cleaning emissions which will diffuse through indoor-outdoor exchange at various

points in a building.

McDonald et al. (2018) found that volatile chemical products (VCPs) used indoors, were

responsible for 39-62% of measured outdoor petrochemical VOCs, compared to only 15

to 42% from transportation. Cleaning materials are one of the six main VCP categories,

however cooking pollutants could potentially have a similar effect (Sheu et al., 2021; Mat-

tila et al., 2022; Eftekhari et al., 2021), as they are released outdoors via windows and

cooking hoods. This chapter aims to identify the VOCs that are emitted when cooking

and cleaning activities occur indoors, and to evaluate the potential impact of these indi-

cator species on outdoor air quality. In this way, we can start to understand how indoor

activities may impact the ambient atmosphere. The developed model has then been used

to investigate the following objectives:

• Evaluate indoor air pollutant concentrations following cooking and cleaning.

• Determine the near-field concentrations of atmospheric species and rate of transport

between the indoor and outdoor environments.

• Analyse the potential impact on the outdoor air quality of a suburban community as a

result of indoor cooking and cleaning emissions.

• Consider how these findings contribute to total VOC emissions in the United Kingdom.

5.2 Methods

5.2.1 Addition of Primary Surface Emissions

The initial development to INCHEM-Py (v1.2 (Shaw et al., 2023)) was the addition of pri-

mary emissions from common indoor materials. Wood and paint are commonly found

in homes, and are known to emit indoor air pollutants, primarily short and long-chained

aldehydes (Alapieti et al., 2021; Gallon et al., 2020; Missia et al., 2010; Plaisance et al.,

2017; Yrieix et al., 2010; Cheng et al., 2015; Harb et al., 2018; Simon et al., 2020; Kim, 2010;
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Lin et al., 2009; Nicolle et al., 2009). New furniture often produces higher emissions of

these species, which tend to decrease as it ages (Plaisance et al., 2017; Alapieti et al.,

2021). Published emission rates from wood and paint for formaldehyde, acetaldehyde,

propanal, butanal, pentanal, hexanal, heptanal, octanal, nonanal and decanal (Plaisance

et al., 2017; Alapieti et al., 2021; Cheng et al., 2015) have been averaged and added into

the model informed by the surface-area to volume ratio of wooden and painted materials

in a typical kitchen (Manuja et al., 2019; Carter et al., 2023; Davies et al., 2023), and are

provided in Table 5.1.

Table 5.1: The background primary emission rates of species from indoor wooden and painted
surfaces in a kitchen (Plaisance et al., 2017; Alapieti et al., 2021; Cheng et al., 2015).

Emission Rate
Species (molecule cm−3 s−1)

Formaldehyde 1.7 x 108

Acetaldehyde 9.6 x 107

Propanal 4.1 x 107

Butanal 5.0 x 107

Pentanal 4.1 x 107

Hexanal 1.1 x 108

Heptanal 5.2 x 106

Octanal 4.8 x 106

Nonanal 8.5 x 106

Decanal 4.5 x 106

These aldehyde emission rates are assumed to remain constant throughout the simu-

lation. Surface-specific oxidant deposition initiated emissions are also present in the

model for ozone and hydrogen peroxide, as outlined in Carter et al. (2023) and Shaw et al.

(2023).

5.2.2 Near-Field Concentration Development

For this work, we have added a near-field gas-phase concentration, (C i,nf) (molecule

cm−3), for 107 species (Table A.3 in the Appendix) to INCHEM-Py, which represents the

concentration of a species, i , as it moves from indoors to outdoors. This enables the
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concentration of an indoor air pollutant to be tracked as it leaves a building. C i,nf is de-

termined by the balance between formation and loss mechanisms, as shown in Equation

5.1. The formation of the near-field species is effectively determined by the exit rate of

a species from indoors, the product of its indoor concentration (C i), and the air change

rate (λr ). The loss rate is dependent on both chemical and physical losses. Chemical

losses happen via photolysis and also by reactions with the hydroxyl radical (OH) and

ozone (O3), whilst we assume physical loss is driven by the rates of dispersion (kdi sp ) and

outdoor deposition (di ,out ).

dCi ,n f

d t
=λr Ci −kchemCi ,n f −kdi spCi ,n f −di ,out (5.1)

The chemical loss rate for the near-field species as they move outdoors is calculated off-

line, based on the rate coefficients in the MCM (Jenkin et al., 1997) and assuming real-

istic outdoor concentrations of the oxidants (Table 3.4). For loss via photolysis once the

species pass outdoors, the outdoor photolysis rates are calculated in INCHEM-Py, but

without applying an attenuation factor as we would to calculate indoor photolysis rates.

Note that we are only interested in the near-field concentration changes, not the impact

on outdoor air pollutant concentrations.

The dilution rate due to dispersion was calculated using the Advanced Dispersion Mod-

elling System (ADMS) (McHugh et al., 1997). ADMS is used to simulate the dispersion of

air pollutant emissions from sources such as roads, chimney stacks and buildings (CERC,

2023). The ADMS simulation assumed a typical house-sized building (10m x 10m x 5m,

represented as a volume source) and used meteorological conditions based on hourly

data from London Heathrow in 2019. ADMS predicts the concentration of an air pol-

lutant as a function of distance from the building, hence providing a rate of dispersion

(McHugh et al., 1997). In this case, the unit emission of a non-reactive tracer was used,

which provides the basis of dispersion for the other VOCs in the model. The fall-off in

concentration was calculated from the eastern edge of the building extending in a west-

east direction out to 200 m from the building facade i.e. approximately downwind of the

prevailing wind direction (Table 5.2). The chosen distance from the ADMS output was 95
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m because we explored street lengths varying between 100 and 140 m.

Table 5.2: The resultant grid from the ADMS output. The relative concentration and time columns
have been added to the grid. The chosen distance was 95 m from which the loss rate was calcu-
lated in Equations 5.2 and 5.3 below.

X (m) Y (m) Z (m)
Dist. from
House (m) Dist. (cm)

SO2 (µg m−3)
Concentration

Relative
Concentration Time (s)

6 0 2 1 100 160.98 1.000 0.5
10 0 2 5 500 126.49 0.786 2.5
15 0 2 10 1000 110.50 0.686 5
20 0 2 15 1500 102.73 0.638 7.5
30 0 2 25 2500 94.82 0.589 12.5
50 0 2 45 4500 88.25 0.548 22.5

100 0 2 95 9500 83.49 0.519 47.5
200 0 2 195 19500 81.55 0.507 97.5

A loss rate of 1.09 x 10−2 s−1 was calculated and used in the near-field framework (Equa-

tions 5.2 and 5.3). This value was used as a dilution factor for the near-field concentra-

tion. The time point of 47.5 s was used to calculate the dilution factor because this was

the time taken to travel a distance of 95 m with a specific wind speed of 2 ms−1. This was

closest to our chosen street length (100-140 m) and represented a reasonable average loss

rate for our ten-house analysis.

k = Cr

t
(5.2)

where k is the loss rate (s−1), Cr is the relative concentration (no units) and t is time (s).

0.519

47.5 s
= 1.09×10−2 s−1 (5.3)

Physical loss owing to irreversible deposition is driven by the outdoor surface deposition

velocities calculated for an average urban surface as described in Carslaw (2007) and as-

suming a constant boundary layer height (BLH) of 1000 m. The outdoor surface deposi-

tion velocities vary by species and the non-oxygenated VOCs are assumed not to undergo

deposition (Shaw et al., 2023). The boundary layer height is assumed to be constant in

our simulations and used only for the calculation of outdoor deposition rates. Emission
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from the houses is the major controlling factor for the near-field concentrations under

our simulated conditions.

5.2.3 Cooking & Cleaning Emission Rates

For typical cooking and cleaning emissions, the model has been informed by the HOME-

Chem (The House Observations of Microbial and Environmental Chemistry) experimen-

tal field campaign performed in the University of Texas at Austin test-house facility in

June 2018 (Farmer et al., 2019). The campaign focused on the impacts that human activ-

ities had on chemical transformations in the indoor environment, including the quan-

tification of indoor air pollutant concentrations following various cooking (Reidy et al.,

2023; Pothier et al., 2022), cleaning (Wang et al., 2022b; Mattila et al., 2020a; Ampollini

et al., 2019), ventilation and human occupancy experiments (Aksenov et al., 2023; Arata

et al., 2021; Zhou and Kahan, 2022).

For this work, we focused on the 25th June, which was considered a ‘layered day’. A lay-

ered day attempts to replicate a standard day in the home, with three cooked meals and

a solitary cleaning experiment (Farmer et al., 2019). During these experiments, the VOCs

were measured using PTR-TOF-MS (Liu et al., 2021; Tang et al., 2016) and Iodide-CIMS

(Brophy and Farmer, 2015) instruments. The emission rates for the detected VOCs emit-

ted from the separate cooking and cleaning events were implemented into INCHEM-Py

as timed emissions as provided in Table 5.3. These emission rates were back-calculated

from concentration measurements.
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Table 5.3: The emission rates (calculated from HOMEChem (Farmer et al., 2019)), in molecule
cm−3 s−1, inputted into INCHEM-Py for the breakfast, lunch, dinner and cleaning activities. The
time over which these activites are applied is detailed in Section 5.2.4.

Species Breakfast Lunch Dinner Cleaning

Methane - 6.9×108 2.0×108 -

Carbon Monoxide 1.9 ×1010 2.8×1010 1.6×1010 -

Acetaldehyde 9.8 ×106 1.9×107 3.6×107 1.8×108

Acetone - - - 1.8×107

α-Pinene 2.9×106 - - 2.2×105

Benzene 7.2×105 5.8×105 3.8×105 1.8×106

β-Pinene 2.6×106 - 2.0×106 1.3×107

Chloroform - - - 3.0×106

cis-But-2-ene 6.6×104 7.2×104 1.8×104 9.5×104

cis-Pent-2-ene 2.2×104 2.5×104 3.1×104 -

Ethane 2.9×107 4.6×107 2.4×108 -

Ethene 6.2×107 4.1×107 2.9×107 1.6×108

Ethylbenzene 1.2×106 - - 1.3×105

Ethyne 3.3×107 3.9×107 7.8×107 3.8×108

Isoprene 1.5×106 1.6×106 3.8×106 1.8×107

Isobutane 2.0×107 2.4×107 4.1×108 -

Isopentane 9.8×105 - - -

Limonene 8.3×106 - 2.9×106 1.5×107

Methyl Ethyl Ketone (MEK) 1.2×106 8.2×105 - -

m-Xylene 5.2×104 - 8.8×104 6.7×105

p-Xylene 5.2×104 - 8.8×104 6.7×105

Butane 1.4×107 9.0×106 - -

Decane 1.1×105 - 9.9×104 4.5×105

Heptane 1.8×105 - 1.4×105 6.8×105

continued on next page
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Species Breakfast Lunch Dinner Cleaning

Hexane 1.4×106 1.9×106 - -

Nonane 1.7×106 3.7×104 1.4×105 -

Octane 1.4×105 1.8×105 1.8×104 1.3×105

Pentane 1.1×106 1.1×106 2.1×106 1.0×107

Propane 3.4×109 3.7×109 - -

Propene 5.9×107 3.9×107 2.9×107 1.4×108

Styrene 1.6×105 2.8×105 - 5.3×105

o-Xylene 1.6×105 2.8×105 - 5.3×105

trans-But-2-ene 5.3×104 6.6×104 1.9×104 1.1×105

But-1-ene 4.8×105 7.8×105 1.3×106 -

o-Ethyltoluene 2.8×106 - 1.5×105 7.5×105

2-Methylbut-1-ene 3.4×104 - 4.9×103 2.7×104

m-Ethyltoluene 5.6×106 - - -

p-Ethyltoluene 5.6×106 - - -

1,2,3-Trimethylbenzaldehyde 1.9×106 - 2.8×106 1.5×107

1,3,5-Trimethylbenzaldehyde 1.4×105 2.4×106 9.9×104 4.7×105

Chloroformic Acid - - - 3.0×106

Nitryl Chloride - - - 1.8×108

Chlorine (Cl2) - - - 6.7×108

Hypochlorous Acid - - - 5.7×108

5.2.4 Model Simulations and Assumptions

5.2.4.1 Layered Day Analysis Simulation

The model was parameterised to replicate a house situated in suburban London (latitude

of 51.45 °N) in the United Kingdom. The temperature, relative humidity and air change

rate of the property was assumed to be 19.9 °C, 53.8 % (Ministry of Housing & Commu-

nities & Local Government (UK Government), 2019) and 0.5 hr−1 (Nazaroff, 2021), as out-

lined in Carter et al. (2023). The date of the simulation was the 21st June 2023, the most
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photochemically active day. The date and latitude used in the model determine the solar

zenith angle used to calculate outdoor photolysis rates, which are then attenuated de-

pending on glass type to calculate indoor photolysis rates (Shaw et al., 2023; Wang et al.,

2022b).

The window panel was assumed to consist of glass with a transmission range of between

315 to 800 nm (Glass C in Blocquet et al. (2018)). The outdoor concentrations for O3, ni-

tric oxide (NO) and nitrogen dioxide (NO2) are based on measurements made at a mon-

itoring station (’GB0586A, suburban London, 0.070766 51.45258’) in suburban London

(EEA, 2018), and follow a diurnal profile in the model. The OH outdoor mixing ratios

are also diurnal. Outdoor OH has negligible impact on indoor concentrations due to the

short lifetime of the OH radical. Full diurnal profiles of these species are described in

Shaw et al. (2023). Diurnal profiles for outdoor O3, NO and NO2 are also given in Figure

5.3. The outdoor VOC concentrations are set as described in Shaw et al. (2023) and the

outdoor concentration of carbon monoxide is assumed to be 195 ppb (EEA, 2018). The

outdoor VOC concentrations are averages based on available literature and are given in

Table 3.4.

Based on the HOMEChem emission rates (Table 5.3), a standard day spent in the home

has been simulated. A full-English breakfast (fried sausages, eggs and tomatoes) is

cooked at 7:30am (till 7:46am), a vegetable stir-fry lunch at 12 noon (till 12:29pm) and a

chilli con-carne dinner at 6pm (till 7:02pm). A chlorine-based cleaning activity occurred

after lunch at 2:00pm (till 2:13pm). It should be noted that a pilot light on the stove emit-

ted high levels of propane during the cooking periods in the HOMEChem study (Farmer

et al., 2019), from a possible fuel leak.

The simulations take place in a kitchen, with a total surface area of 63.3 m2 and an in-

ternal volume of 25.0 m3. The overall surface area to volume ratio (SA/V) in the kitchen

is 2.53 m−1 based on the measurements from Manuja et al. (2019) and calculations from

Carter et al. (2023). The surface area to volume ratios for soft fabric, paint, skin, wood,

metal, concrete, paper, plastic and glass are defined in Carter et al. (2023) for the simu-

lated kitchen. It is assumed that one adult (2 m2 of skin) is present in the kitchen. We
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have included emission rates from breath according to Kruza and Carslaw (2019) and

Weschler et al. (2007).

5.2.4.2 Ten-House Analysis Simulations

The ten-houses analysis assumes ten houses, 5 m apart, to replicate a typical detached

row of houses. These ten houses were randomly assigned different air change rates, num-

bers of inhabitants and cooking and cleaning times. These parameters were varied to un-

derstand how different aspects of daily life affected key pollutant concentrations. Each

house had a unique parameter set in order to compare and contrast pollutant variation

between houses. A ten-house ensemble provides a reasonable representation of the vari-

ation in day-to-day lifestyles and routines, providing an opportunity to vary air exchange

rates, surfaces, meal times and occupancy to cover a range of scenarios, balanced against

model complexity and runtime. The street length was 140 m and each house was as-

sumed to be 10m x 10m x 5m. The conditions and input parameters for each house are

described in Table 5.4. The temperature, relative humidity, latitude, date, surface-specific

surface area-to-volume ratios (except for human surfaces) (Manuja et al., 2019) and glass

type are the same as for the layered day simulation (described in Section 5.2.4.1). The

surface-specific surface area-to-volume ratios for the simulated kitchen is based on mea-

surements by Manuja et al. (2019) who measured nine representative kitchens in the

United States. The air change rate distributions are based on Nazaroff (2021). Where

indoor artificial lighting is present (lights on), LED lighting was used (Wang et al., 2022b).

A wind speed of 2 ms−1 along the street is assumed, with the pollution assumed to be

emitted from the centre of each house. The wind is assumed to blow along the length of

the row of houses, as demonstrated by the schematic in Figure 5.2.
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Figure 5.2: A schematic of the ten-house analysis replicating a typical row of detached houses.
The airflow is assumed to be along the length of the street.

Table 5.4: The simulation conditions for the ten-house analysis.

Parameter House 1 House 2 House 3 House 4 House 5
ACR (hr−1) 0.5 0.2 2.0 1.5 0.2
Lights On 7am 7am 7am 7am No Lights
Lights Off 7pm 7pm 7pm 7pm No Lights
AV (cm−1) 0.0269 0.0253 0.0253 0.0253 0.0245
Human AV (cm−1) 0.0024 0.0008 0.0008 0.0008 0
Adults 2 1 1 1 0
Children 2 0 0 0 0
Breakfast (Time of Day) 7:30-7:46 No 7:30-7:46 7:30-7:46 No
Lunch (Time of Day) 12:00-12:29 12:00-12:29 No 12:00-12:29 No
Dinner (Time of Day) 18:00-19:02 18:00-19:02 18:00-19:02 No No
Cleaning (Time of Day) 14:00-14:13 14:00-14:13 14:00-14:13 14:00-14:13 No
Parameter House 6 House 7 House 8 House 9 House 10
ACR (hr−1) 0.5 1.2 0.7 0.5 1.0
Lights On 7am 7am 7am 7am 7am
Lights Off 7pm 7pm 7pm 7pm 7pm
AV (cm−1) 0.0253 0.0253 0.0269 0.0257 0.0245
Human AV (cm−1) 0.0008 0.0008 0.0024 0.0012 0.0008
Adults 1 1 2 1 1
Children 0 0 2 1 0
Breakfast (Time of Day) 7:30-7:46 9:30-9:46 7:30-7:46 7:30-7:46 7:30-7:46
Lunch (Time of Day) 12:00-12:29 14:00-14:29 12:00-12:29 12:00-12:29 12:00-12:29
Dinner (Time of Day) 18:00-19:02 18:00-19:02 20:00-21:02 18:00-19:02 18:00-19:02
Cleaning 1 (Time of Day) 8:00-8:13 15:00-15:13 14:00-14:13 14:00-14:13 No
Cleaning 2 (Time of Day) 14:00-14:13 - - - -
Cleaning 3 (Time of Day) 20:00-20:13 - - - -
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5.3 Results & Discussion

5.3.1 Simulated Indoor Air Pollutant Concentrations following Cook-

ing & Cleaning

The diurnal profiles of key indoor species (OH, O3, NO, NO2, HO2, RO2 and CH3CHO)

following cooking and cleaning are shown in Figure 5.3. Cooking had a minimal effect on

the OH concentration. The indoor OH concentration an hour before cleaning (1:00pm)

was 2.8 x 105 molecule cm−3. During the cleaning event however, OH reached a maxi-

mum concentration of 3.4 x 106 molecule cm−3 at 2:01pm, caused by photolytic degrada-

tion of hypochlorous acid (HOCl), producing both OH and chlorine radicals as shown in

Reaction 5.4 (Remucal and Manley, 2016). One minute after cleaning ended (2:14 pm),

the indoor concentration of the OH radical was 6.8 x 105 molecule cm−3.

HOC l +hν
λ < 400 nm−−−−−−−→OH +C l (5.4)

Figure 5.4 gives an expanded view of the concentrations during the cleaning event.

Cleaning caused a ≈1200% increase in OH radical concentrations. OH then quickly re-

turns to a background level, through consumption by indoor VOCs.
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Figure 5.3: The concentrations of key indoor species in the kitchen over the duration of a typical
day spent in the home. The grey shaded areas indicate periods of cooking, and the red shaded
area indicates a chlorine cleaning period. The outdoor concentrations of NO (red), NO2 (orange)
and O3 (dark blue) are shown as dashed lines on the graphs.
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Figure 5.4: An expanded view of the concentrations of key indoor species during the 13-minute
cleaning event (starting at 2pm).

Acetaldehyde concentrations were enhanced by approximately 1.02, 1.1 and 1.3 times

during breakfast, lunch and dinner respectively, where the maximum acetaldehyde mix-

ing ratios during these periods were 9.5, 10.4 and 12.1 ppb respectively, driven primarily

by emissions from hot cooking oils. The background value was 9.3 ppb. Our cooking sim-
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ulations didn’t produce the acetaldehyde concentrations of 70 ppb reported by Davies

et al. (2023) during a chicken stir-fry, indicating possible emission of acetaldehyde from

the cooking of chicken. Acetaldehyde reaches a maximum mixing ratio of 13.9 ppb dur-

ing the cleaning event, which is an enhancement of 1.5 times from the background value.

O3 acts as a strong oxidant in the indoor environment, reacting with unsaturated VOCs

produced by cooking and cleaning via ozonolysis reactions. The indoor diurnal profile

of O3 is also dictated by ingress from outdoors. During cleaning, the O3 mixing ratio

increased by 45% and reached a maximum mixing ratio of 4.9 ppb at 2:30pm.

At 9:10am, NO and NO2 increase to 4.4 ppb and 1.1 ppb respectively (from 1.2 ppb and

0.7 ppb at 6am). These early morning peaks are caused by cooking but also from in-

creased NOx concentrations outdoors during rush-hour, creating an accumulation of

NOx indoors. Cleaning causes a change in the form of NOx, where during the first two

minutes, NO decreases (by 94%), as NO2 concentration increases (by 120%). This change

is partially caused by enhanced concentrations of HO2 available to react with NO, to form

OH and NO2 (Reaction 5.5). Peroxy radical (RO2) concentrations are also enhanced, re-

acting with NO to form alkoxy radicals (RO) and NO2 (Reaction 5.6), the latter of which

is then photolysed to make O3 (Reactions 5.7 and 5.8). Since NO readily depletes O3, the

reduced levels of NO allows O3 to accumulate.

HO2 +NO −→OH +NO2 (5.5)

RO2 +NO −→ RO +NO2 (5.6)

NO2 +hν
λ < 420 nm−−−−−−−→ NO +O (5.7)

O +O2 −→O3 (5.8)

HO2 and RO2 significantly increase with chlorine-based cleaning; HO2 increased from a
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background mixing ratio of 2.3 ppt to 61.4 ppt over one minute, with RO2 increasing from

a background mixing ratio of 3.2 ppt to 2548 ppt over 12 minutes. The sudden rise in

HO2 stems from the alkoxy radicals (RO) reacting with oxygen (O2), through a hydrogen-

migration reaction to form a carbonyl (RCHO) and HO2 (Reaction 5.9) (Setokuchi and

Sato, 2002; Davis and Francisco, 2011).

RO +O2 −→ RC HO +HO2 (5.9)

HO2 is also produced from the reaction of OH with formaldehyde (Reaction 5.10).

HC HO +OH −→CO +HO2 (5.10)

The increase in RO2 is due to the reaction of VOCs with OH (Reaction 5.11)

OH +V OC +O2 −→ RO2 +H2O (5.11)

The chlorine-based cleaning has a much greater effect on the indoor species in Figure 5.3

compared to cooking under our simulated conditions. The high concentrations of OH,

HO2 and RO2 produced from the resultant chlorine chemistry can continue to drive in-

door gas-phase reactions post-cleaning. The high OH concentrations resulted in further

reactions with VOCs to form HO2 and RO2 for some time after cleaning had ceased. HO2

and RO2 did not return to baseline levels until approximately 3.5 and 5 hours respectively

after the cleaning had finished.

5.3.2 Temporal Variability of Indoor Concentrations

Indoor air pollutant concentrations vary depending on a range of factors, such as time

of day, location, and indoor activities. This section considers ten different houses with

varying lifestyle routines (as described in Section 5.2.4.2). The range of concentrations

from these ten houses at different points during the day are shown in Figure 5.5, to better

understand how concentrations might vary in physically identical houses and at different

times of day, according to different routines and conditions.
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Figure 5.5: Concentrations of key indoor species from ten different houses, showing the median,
the upper (75%) and lower (25%) percentiles and the upper (Q3 + 1.5*IQR) and lower whiskers
(Q1 −1.5*IQR). The small circles represent values which lie outside of the upper and lower whisker
range. The denoted time periods are: all day (12am to 12am), daytime (7am to 7pm), nighttime
(7pm to 7am), morning (6am to 12pm), afternoon (12pm to 6pm) and evening (6pm to 10pm).
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The OH concentrations are lowest during nighttime and the evening. OH and NO are

highest during daytime, indicating a role for photochemistry. For instance, NO and OH

can be formed via the photolysis of HONO (Reaction 5.12).

HONO +hν
300 nm < λ < 400 nm−−−−−−−−−−−−−−→ NO +OH (5.12)

The median OH concentration for the full day (24-hour average) is 2.0 x 105 molecule

cm−3. However, House 3 is an outlier, with an all day concentration of 4.9 x 105 molecule

cm−3, which is more than two times higher than the median. It is assumed that the House

3 occupants do not cook lunch, and there is a relatively high air change rate (2 hr−1).

RO2 and chlorine radical concentrations are highest in the afternoon, since this is when

cleaning occurs in our simulations. Average afternoon chlorine radical concentration in

House 3 reaches 6.5 x 105 molecule cm−3, which is higher than House 6 who clean three

times a day. The occupants of House 3 do not cook lunch.

Formaldehyde shows little diurnal variation. House 5 has the highest average formalde-

hyde mixing ratio over the course of a day (7.6 ppb), but in the absence of cooking or

cleaning since this house is presumed empty. However, it is also assumed to have a low air

change rate (0.2 hr−1), allowing emissions from building materials to accumulate. House

3 has the lowest average formaldehyde mixing ratio over the course of a day (5.9 ppb), as

it is lost outdoors owing to a relatively high air change rate.

HO2 mixing ratios are highest during the day, with a median value of 2.7 ppt. Outliers

which are lower than the median result are for House 10 (1.5 ppt) and House 5 (1.1 ppt).

There is no cleaning in House 5 as it is empty. There is no cleaning in House 10, but the

occupants still cook breakfast, lunch and dinnertime meals. House 6 has the highest all

day concentration of 4.4 ppt, due to three cleaning sessions post cooking.

The main precursor for organic nitrate (RNO3) formation is primarily from reaction of

OH with VOCs to form RO2 radicals, which then react with NO to form organic nitrates

(RNO3) (Reaction 5.13b). This route however, is the minor pathway (≤ 20%), with forma-

tion of an alkoxy radical (RO) more likely (≥ 80%) (Reaction 5.13a).
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RO2 +NO
≥80%−−−−→ RO +NO2 (5.13a)

RO2 +NO
≤20%−−−−→ RNO3 (5.13b)

Organic nitrates can also form from the reaction of chlorine radicals with alkanes and

the subsequent reaction of RO2 with NO, following the same reaction scheme as outlined

above in Reactions 5.13a and 5.13b.

Total organic nitrate (NO3) levels are highest during the day, as they are primarily formed

by the chlorine cleaning. House 6 has a higher mixing ratio compared to the other houses

(0.2 ppb), where cleaning happens after every meal, resulting in elevated total organic

nitrate levels during and shortly after these cleaning periods. Since cleaning generally

occurs during daylight hours, total organic nitrate mixing ratios are higher during the

day (0.1 ppb) than they are at nighttime (0.01 ppb).

Peroxyacetylnitrate (PAN) is formed by the reaction of the acetylperoxy radical (CH3CO3)

with NO2 (Reaction 5.14). Acetyl peroxy radicals are formed via photochemical degrada-

tion of aldehyde species, with each acetyl peroxy radical forming a distinct PAN species,

which we then sum to find the total PAN concentration.

C H3CO3 +NO2 −→C H3C (O)OONO2 (5.14)

Total PANs follow a similar trend to total organic nitrate concentrations, where the me-

dian mixing ratio during the day is 0.3 ppb compared to 0.1 ppb at night. House 6 has the

highest total PANs mixing ratio during the daytime (0.8 ppb) due to the extra cleaning that

takes place in this house. Davies et al. (2023) reported total PANs and total organic nitrate

mixing ratios of approximately 50 and 60 ppt respectively during a simulated stir fry ac-

tivity. Harding-Smith et al. (2024), reported the total PANs mixing ratio from a scented

surface cleaning product was, on average, 25 ppt over 3 hours. Total PAN concentrations
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increased as a result of any cleaning activity, whilst, total organic nitrate concentrations

varied depending on which cleaning product was used.

Acetaldehyde mixing ratios stay fairly constant throughout the day, and show little fluc-

tuation. Average acetaldehyde levels in the evening reach 12.1 ppb in House 2, which

is the highest of the chosen time periods. Acetone follows a similar trend to acetalde-

hyde, where there is little diurnal variation. However, the range of acetone mixing ratios

is higher than for acetaldehyde. For example, acetone levels in the afternoon in House 4

reach 11.4 ppb, but are only 0.8 ppb in House 5. Propane levels are highest in the after-

noon, predominantly from lunchtime cooking, where the mixing ratio in House 2 reaches

a maximum of 125 ppb in the afternoon.

Chloroform mixing ratios are dictated by cleaning activities. House 5 has the lowest av-

erage all-day chloroform mixing ratio (due the lack of cleaning in this house) at 30.7 ppt.

This increases to 53.5 ppt in House 6, which has three cleaning events over the course of

that day. Cleaning activities are therefore one of the major driving factors for high indoor

air pollution concentrations.

5.3.3 How Indoor Sources Contribute to Outdoor Air Pollution

Figure 5.6 shows the enhancement of emission rates from indoors to outdoors of a se-

lection of VOCs during cooking (the three meals are averaged to one emission rate) and

cleaning, over background conditions (with no cooking and cleaning activities). These

emission rates are taken from the one house layered day simulation (Section 5.2.4.1),

with the cooking and cleaning considered in separate model runs. This separation was

enforced to identify which VOCs were associated with the different activities. When cook-

ing and cleaning activities are simulated in the same model day, there is some crossover

between the two activities.

The increase in emission rate of propane is the highest relative to the other VOCs, and it

was highest during the cooking (approximately 56.3 mg hr−1). Isobutane showed a similar

pattern and is another good indicator for cooking with gas. Relatively high increases in
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Figure 5.6: The enhancement in emission rates from indoors to outdoors over background values
for a variety of VOCs (mg hr−1) during cooking and cleaning, from the house described in Section
5.2.4.1. The background emission rates are shown for comparison, and comprise of emissions
from building and furnishing materials and from people.

emission rates follow cleaning for acetone (0.6 mg hr−1), ethyne (2.3 mg hr−1), and chlo-

roform (0.1 mg hr−1). The emission rate of propene is also enhanced following cleaning

(0.4 mg hr−1), but there is a larger enhancement following cooking (1.2 mg hr−1). Some of

the VOCs, such as acetone and acetaldehyde are emitted outdoors from cooking, clean-

ing and background activities. Therefore, emission rates from the different species, or

the ratio of these, can potentially be used to distinguish indoor activities from outdoor

sources in the ambient environment.

In an urban environment, there are often densely-packed houses. These houses all have

the potential to emit pollutants, primarily from cooking and cleaning activities, which

can potentially affect other homes in the nearby vicinity depending on conditions. Fig-

ure 5.7 shows the simulated maximum downwind concentrations of 4 VOCs (acetalde-

hyde, propane, chloroform and acetone), at different times of the day along the idealised

ten house street (as described in Section 5.2.4.2). Average near-field background mixing

ratios without cooking or cleaning for acetaldehyde, propane, chloroform and acetone

were 0.1 ppb, 0.02 ppb, 0.4 ppt and 0.4 ppb respectively.

Acetaldehyde has the highest maximum downwind concentration at 7pm, from the chilli

con carne cooking, whereas propane is highest at 8am due to stove use for the full-

English breakfast cooking. Chloroform and acetone are highest at 3pm, as a result of
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Figure 5.7: The cumulative near-field concentrations of acetaldehyde (ppb), propane (ppb), chlo-
roform (ppt) and acetone (ppb) along a street of ten houses at 8am, 3pm and 7pm. The concen-
tration at the 10th house is the maximum downwind concentration.

cleaning. Along the 140 m street, the maximum downwind acetaldehyde concentration

increases by 629, 592 and 618 % at 8am, 3pm and 7pm respectively between the first and

last houses. The highest increase in near-field acetaldehyde concentration occurs at 7pm

from House 3 (increase of 0.4 ppb), which is assumed to have a higher air change rate in

the simulations. House 10 also has a notable increase in near-field concentration (0.3

ppb) at 7pm: the occupants of this house cook all three meals but do not clean, therefore

cooking without cleaning leads to higher acetaldehyde concentrations.

The maximum downwind propane concentration increases by 488, 619 and 417% at 8am,

3pm and 7pm respectively between the first and last houses in the street. The highest

increase (3.4 ppb) in near-field propane concentration occurs at 8am from House 3, again

due to the higher air change rate. House 7 also provides a notable increase in near-field

propane concentration (3.3 ppb) at 3pm, owing to a later lunch (at 2pm).

The maximum downwind chloroform concentration increases by 754, 422, 644 % at 8am,

3pm and 7pm respectively, primarily from the chlorine cleaning. The highest increase in

near-field chloroform concentration occurs at 3pm from House 3 (increase of 2.4 ppt).
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There are smaller increases in near-field chloroform at 8am and 7pm as cleaning occurs

mostly in the afternoon in the ten-house analysis. House 8 also has a notable increase

in near-field chloroform (1.5 ppt) at 3pm. House 8 is cleaned at the same time as most

other houses (2pm), but dinner is not prepared until 8pm. This indicates that there is

a smaller increase in near-field chloroform when food, in this case a chilli con carne, is

being cooked and prepared.

Finally, the maximum downwind acetone concentration increases by 334, 311, 338% at

8am, 3pm and 7pm respectively, with a smaller variation over time than for the other

species. The lower variation is due to a constant source of indoor acetone from the occu-

pants (skin and breath). The highest increase in near-field acetone concentration occurs

at 3pm from House 3 (increase of 1.4 ppb), owing to a higher air change rate. House 5

shows little increase in near-field acetone concentration during the day (0.02 - 0.03 ppb)

as it is empty.

A comparative analysis simulated a more densely-packed street, where houses are ter-

raced with no gap between them. This analysis uses the same ten-house conditions as

described in Section 5.2.4.2, but the length of the street was assumed to be 100 m. The in-

crease in maximum downwind acetaldehyde concentration from House 1 to House 10 at

8am was 648% which is slightly higher than the 629% increase in the detached house

street. The percentage increase in maximum downwind concentration of acetone at

7pm on the terraced street was 351%. The percentage increase of maximum downwind

propane and chloroform across the terraced street was highest at 3pm and 8am (639 and

776% respectively). The overall increase over the ten houses for the detached and the

terraced streets at 8am, 3pm and 7pm for maximum downwind acetaldehyde, propane,

chloroform and acetone are given in Table 5.5.

This indicates that due to the closer proximity of the houses, there is a higher maximum

downwind concentration of the emitted VOCs for terraced housing than detached hous-

ing, however this increase is minimal. Alternative arrangements of our houses, or differ-

ent activities within them, will lead to different levels of air pollution.
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Table 5.5: The maximum downwind concentration increases of acetaldehyde (ppb), propane
(ppb), chloroform (ppt) and acetone (ppb) on a detached (D) (140 m) and terraced (T) street (100
m) from the ten-house analysis.

Time of Day Acetaldehyde Propane Chloroform Acetone
8am (D) 0.7 6.7 3.0 2.9
3pm (D) 0.8 3.3 5.0 3.8
7pm (D) 0.9 0.4 3.2 3.0
8am (T) 0.8 6.9 3.0 3.0
3pm (T) 0.8 3.4 5.2 3.9
7pm (T) 0.9 0.4 3.3 3.1

5.3.4 The Contribution of Cooking and Cleaning Activities to Overall

UK VOC Emissions

VOC emissions from households and their relative contribution to the total VOC emis-

sions produced annually in the United Kingdom have not been studied in great detail,

compared to the impact from large-scale industrial processes. The UK National Atmo-

spheric Emissions Inventory (NAEI) categorises industrial processes, transport and agri-

cultural emissions of non-methane volatile organic compounds (NMVOCs) (Air Quality

Expert Group, 2020). In the UK in 2021, 0.78 million tonnes of NMVOCs were emitted

in total, primarily from solvent use, industrial processes and transport. Domestic sol-

vent use and food and drink manufacture contributed 0.19 (24%) and 0.12 (15%) million

tonnes of NMVOCs to the total respectively (Department for Environment & Food & Rural

Affairs, 2023).

From our layered day simulation (as described in Section 5.2.4.1), the total emission rates

of NMVOCs from one house following cooking and cleaning activities are 0.56 and 0.13

grams per day respectively. This equates to approximately 205 and 47 grams per year

emitted from one house as a result of cooking and cleaning activities respectively. This

has been calculated using Equation 5.15 detailed below:

Ei = Ci × AC R ×106 ×Mr ×Vhouse

NA
(5.15)

where: Ci is the indoor VOC concentration (molecule cm−3), ACR is the air change rate

(12 day−1), Mr represents the molecular weight (g mol−1), Vhouse is the volume of a house
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(500 m3), NA is Avogadro’s Constant (6.022× 1023 molecule mol−1) and Ei is the VOC emis-

sion rate (g day−1). The emission rates from the individual NMVOCs are then summed to

produce a total VOC emission rate (Ei,tot).

The cooking emission derives partially from combustion of the gas and partially from the

food itself. We assume that the ethane and propane emissions account for the former

and the rest of the emissions are from the food (the contribution of propane and ethane

to emissions from cooking was approximately 9% of the total measured VOCs for our

conditions). Therefore, out of the 204.7 g/year from cooking, we assume that 19.2 g are

from burning the gas and 185.5 g are from cooking the food. Note that we are ignoring

background emissions of ethane and propane from the pilot light and just focusing on

cooking activities.

According to the Office for National Statistics, there are 26.4 million houses in the UK

(Office for National Statistics, 2023). Therefore, the propane and ethane emissions would

equate to 508 tonnes per year from burning gas for cooking (469 and 39 tonnes per year

respectively). According to the Air Quality Expert Group in the UK (Air Quality Expert

Group, 2022), 4.01 ktonnes of propane was emitted indoors from residential buildings in

2019. The estimated propane emissions from cooking with gas in this chapter, are around

13% of the total propane estimated to be emitted from homes in the UK.

Approximately 61.5% of these homes use gas hobs whereas the other 38.5% use electric

(Department of Energy & Climate Change, 2013). We can therefore predict that 61.5%

of homes emit 204.7 g/year and the other 38.5% emit 185.8 g/year, giving a total annual

emission of 5403 tonnes of NMVOCs emitted outdoors from cooking in UK homes. Sim-

ilarly, 1229 tonnes are emitted outdoors from cleaning in homes in the UK each year.

Based on these assumptions and for the species we have studied, cooking constitutes

approximately 0.69% of the total yearly NMVOCs emitted in the UK and cleaning approx-

imately 0.16%. Note that, UK inventory emissions are significantly impacted by sources

outside of urban areas, so our values likely underplay the impacts of cooking and clean-

ing where most of these activities occur.
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We can also put these estimated emission rates into context with other sectors. In 2021,

road transport in the UK released 23,000 tonnes of NMVOCs (Department for Environ-

ment & Food & Rural Affairs, 2023). Our household emissions from cooking and cleaning

equate to approximately 29% of those released from traffic. Given that vehicle emissions

are likely to continue to decline, e.g. as the vehicle fleet is electrified, household emis-

sions will become proportionally more important in the future.

5.3.5 Limitations of the Study

Although this chapter aims to understand how indoor sources affect outdoor air pollu-

tion, there are some limitations in our methods. The model doesn’t account for buoyancy

of species once they are released outdoors, especially those emitted from cooking. This

should be negligible (even for wood stoves which are much hotter) because the mass

of air involved is low. The model also assumes outdoor concentrations of VOCs remain

constant, whereas the indoor emissions will enhance them in reality, which will feedback

as these pollutants enter other houses. The outdoor VOCs are compiled from a litera-

ture search of comprehensive studies performed worldwide, though relatively few exist

(Shaw et al., 2023). Depending on the outdoor VOC concentrations at a location of in-

terest, our findings may have larger or smaller local impacts. The model also uses a one-

dimensional airflow scheme, so pollution only travels in one direction along the street.

Cooking and cleaning emissions will vary between homes, depending on the meal which

is being prepared, the cooking process and fuel used and the type of cleaning product.

HOMEChem is still one of the most detailed indoor studies to date, but the cooking emis-

sion rates compare reasonably well with more recent, smaller-scale UK studies (Davies

et al., 2023). In the future, indoor emissions inventories would permit a more detailed

exploration of the range of likely emissions indoors from cooking and cleaning activities.

Finally, the propane emissions in the HOMEChem study were high owing to emissions

from the pilot light (Farmer et al., 2019). Our results are more representative of gas cook-

ing than electric or induction.
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5.4 Conclusions

The aim of this chapter was to provide a deeper understanding of how cooking and clean-

ing contribute to indoor air pollution and the subsequent influence they have on the sur-

rounding urban environment. The INCHEM-Py model has demonstrated the impact that

both cooking and cleaning have on secondary indoor chemistry. Chlorine cleaning was

much more important for radical chemistry than cooking. The concentrations of OH,

HO2 and RO2 all increased markedly upon the initiation of cleaning.

We identified some VOCs associated with indoor cooking and cleaning, based on data

from the HOMEChem study. Propane and isobutane were good indicators for cooking,

and chloroform was a good indicator for bleach cleaning activities. For a row of detached

houses, the emissions from each house depend crucially on the activities within those

houses and physical parameters such as the air change rate. Emissions can also change

depending on the order of activities. For instance, cleaning after cooking suppresses the

emission of acetaldehyde.

Our estimated total VOCs from cooking and cleaning indoors is a small proportion of to-

tal UK emissions, but that does not mean the impact is negligible because of direct indoor

exposures. Even in close proximity to a house(s), near-field VOC concentrations tend to

be generally lower than outdoor concentrations, although there is uncertainty in outdoor

concentrations of many VOC species. There are generally only limited spatial and tempo-

ral measurements of VOCs available. More representative outdoor VOC concentrations

would be highly beneficial to better understand the impact of emissions from indoors.



Chapter 6

The Role of UVC Photolysis in Indoor Air

Chemistry

6.1 Introduction

Since the COVID-19 pandemic emerged in late 2019, widespread lockdowns resulted in

large numbers of people having to remain indoors in order to prevent spread of the virus.

These enforced lockdown periods meant that our exposure to indoor air pollution in-

creased and the importance of healthy indoor environments was highlighted during this

time. This realisation led to the development of a variety of air cleaning devices, which

focused on how to remove airborne and surface pathogens to prevent disease transmis-

sion. These treatment technologies have also been proposed for controlling indoor air

pollutant concentrations. However, the impact on indoor gas-phase phase chemistry

from air cleaning devices is relatively unexplored.

There are numerous types of indoor air cleaning devices which use a range of differ-

ent technologies including media filtration, sorbents, UVC, plasma, photocatalytic oxi-

dation, plants and ozone (Siegel, 2016). Each cleaning type has associated positive and

negatives, both with implications on chemistry and health (SAGE EMG, 2020). Mechan-

ical filtration is the most commonly used air cleaning method. It mainly filters out par-

ticulate matter, through fibres or coarse materials. Filtration cleaners are more effective

150
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indoors with higher clean air circulation rates (Mata et al., 2022). However, mechanical

filtration devices can be expensive to maintain, are ineffective against pollutants other

than particulate matter and are often noisy (Liu et al., 2017). Electronic filtration is an-

other filter-based cleaning method. These devices charge particles and attract them to an

oppositely charged plate (Mata et al., 2022). The efficacy of particle (0.3-6 µm) removal

for these type of devices is over 90% (Bliss, 2005; Mata et al., 2022). However, these filters

can produce other pollutants including ozone and ionised VOC compounds (Waring and

Siegel, 2011). Adsorption cleaning is sometimes used to remove VOCs from the air using

an adsorbent surface. However, adsorption cleaning doesn’t destroy pollutants, it just de-

posits them onto a surface which then requires further treatment and disposal (Luengas

et al., 2015). Other cleaning devices can include ionisation and plant-based purification

systems (Mata et al., 2022).

This chapter focuses on UVC light disinfection technology in air cleaning devices, and its

impact on indoor air chemistry. Cleaning devices which emit ultraviolet light in the UVC

region (200-280 nm) have become increasing popular for household and office cleaning

following the COVID-19 pandemic. The UV air purifier market currently has a global size

of $1.78 B and the pace of market growth is accelerating (Grand View Research, 2023). It

expected that the UV air purifier market will increase in growth by 10.7% over the next

six years (Grand View Research, 2023). UV cleaners adopt the wavelengths of 222 nm

or 254 nm to inactivate airborne viruses, including COVID-19 (Truong et al., 2023; Eadie

et al., 2022; Kitagawa et al., 2021; Bueno de Mesquita et al., 2023; Buonanno et al., 2024).

However, UV light may also contribute to indoor air pollution.

Eadie et al. (2022) found that the use of 222 nm light led to a reduction of steady-state

pathogen load of up to 98.4% in a 32 m3 room sized chamber, indicating efficacy even

for full sized rooms. This study used a room ventilation rate of 3 air changes per hour,

with five kyrpton chloride excimer lamps which only emitted wavelengths below 230 nm.

Each lamp had an average irradiance of 0.57 µW cm−2 at a height of 1.7 m for a high expo-

sure scenario. Even with only one krypton chloride excimer lamp, the average pathogen

percentage reduction was approximately 93.7% for an eight hour exposure dose (Eadie
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et al., 2022). Eadie et al. (2022) noted the importance of correctly installing far-UVC

lamps, because even with five lamps present, the room sized chamber was not fully ir-

radiated (mostly in between the light fittings) despite the overall high pathogen removal

efficacy. This could possibly mean that pathogens could be present in non-radiated areas

of the room. This may be an issue in larger rooms or rooms with lower ventilation or air

mixing rates.

Some studies have claimed exposure to 222 nm light has a minimal effect on human

health (Liang et al., 2023; Truong et al., 2023; Eadie et al., 2021; Sugihara et al., 2023). Buo-

nanno et al. (2020) notes that 222 nm light cannot penetrate the ocular tear layer or the

stratum corneum, hence exposure to light at this wavelength does not harm any exposed

human tissue. Sugihara et al. (2023) installed two KrCl eximer lamps into an examination

room to ascertain the impact of 222 nm light on workers after exposure for one year. The

study used six ophthalmologists who worked in the irradiated room for approximately

6.7 hours per week. The irradiation dose of the light was 6.4 mJ cm−2. After a year of

work, there were no observed chronic nor acute health effects in the ophthalmologists

as a result of 222 nm light irradiation (Sugihara et al., 2023). The study also observed the

deactivation of microorganisms in this room, with high levels of efficacy (Sugihara et al.,

2023).

There remains some skepticism about whether 222 nm light exposure is safe for humans.

Ong et al. (2022) found that compared to 254 nm, exposure of cells to 222 nm light showed

a greater degree of damage to DNA. However, the study acknowledged that cells which

were illuminated with 222 nm light survived, but cells illuminated with 254 nm light

underwent apoptosis (programmed cell death) (Ong et al., 2022). Exposure to 254 nm

light is also harmful to humans, damaging exposed tissue and eyes (Zaffina et al., 2012;

Buonanno et al., 2020; Trevisan et al., 2006). The overall consensus currently is that far-

UVC (222 nm) light is mostly harmless to human health at irradiation levels which are

used to efficiently inactivate airborne pathogens and can be used as effective air cleaners

(Nardell, 2021). Light at 254 nm is problematic to human health and should be avoided

as an air cleaning device if rooms are occupied.
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Despite the proven efficacy of the removal of airborne pathogens by 222 and 254 nm

light, the implications for indoor air chemistry have been relatively unexplored. Link

et al. (2023b) discovered that a single filtered 222 nm wavelength lamp produced a sig-

nificant amount of ozone. The average ozone generation rate from seven experiments

was determined to be 19.4 ±0.3 ppbv hr−1 in a 31.5 m3 stainless steel chamber during a

four hour time period. Link et al. (2023b) found ozone concentrations of 53 ppb after the

germicidal lamp had been switched on for 4 hours. The baseline ozone concentration

was approximately 2 ppb in this study. However, the air change rate used in the Link et al.

(2023b) study was very low (average of 0.012 air changes per hour), resulting in a build up

of ozone in the stainless steel chamber (Link et al., 2023b). Similarly, Peng et al. (2023a)

found that in a 21 m3 Teflon reaction chamber with a 222 nm lamp, the generation rate

of ozone was 22 ppb hr−1. After four hours of the lamps being on, ozone concentrations

reached approximately 80 ppb in both studies, this observation is of concern given that

longer exposures posed a higher potential risk of harm to the occupants (Weschler, 2006).

The ozone production in these studies followed the photodissociation of oxygen. Molec-

ular oxygen (O2) absorbs light in the wavelength range between 175 and 242 nm with

a quantum yield of one, to yield two oxygen atoms (Reaction 6.1) (both in the ground

state (O(3P)), which then react with oxygen molecules to produce O3 (Reaction 6.2). The

species denoted as M, represents a molecule of air which is required in the reaction to

soak up excess energy, usually O2 or N2 (Link et al., 2023b; Yoshino et al., 1988; Nicolet

and Peetersman, 1980; Yoshino et al., 1992).

O2 +hν
175 nm < λ < 242 nm−−−−−−−−−−−−−−→ 2O(3P ) (6.1)

O +O2 +M −→O3 +M (6.2)

Consequently, other species can be formed through ozonolysis chemistry following 222

nm light use (Peng et al., 2023b). Barber et al. (2023) found that 222 nm light led to the

formation of not only O3 but also OH radicals. Both oxidants can then react with VOCs
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to form secondary organic aerosols (SOA) and oxygenated volatile organic compounds

(OVOCs). They found that when 100 ppb of limonene was added to an experimental

chamber with 222 nm light irradiation, SOA concentrations were approximately 400 ±80

µg m−3 after 30 minutes. In the absence of 222 nm light, new particle formation was not

observed and total particle mass was below 1.3 µg m−3 (Barber et al., 2023). This indicates

that monoterpene cleaning under far-UVC lighting could result in poor indoor air quality.

SOA can have impacts on human respiratory systems including lung cell death (Pye et al.,

2021).

In a review of 222 nm induced ozone formation, Brenner (2023) concluded that in real-

life settings (not in a Teflon chamber), 222 nm light-produced ozone levels are unlikely to

exceed 10 ppb and in most cases, will be much less than 5 ppb. Experiments conducted

in a hotel room with three 222 nm lamps, showed that the ozone concentration increased

by 5.7 ppb over 12 h when the air change rate was 1.4 hr−1 (Kalliomäki et al., 2023). In an

office with a lower air change rate of 0.44 hr−1 and only one 222 nm lamp, the ozone con-

centration increased by 5.1 ppb (Peng et al., 2023a) over 3 h. These admittedly limited

studies appear to show a modest increase in ozone concentration from UVC lighting in

’real-life’ microenvironments, possibly owing to surface chemistry. The work developed

in Chapter 4 showed that 91-94% of ozone was deposited when entering an indoor envi-

ronment from outdoors.

Light at 254 nm photolyses ozone, rather than produces it (as with 222 nm). The photol-

ysis of ozone results in the formation of OH radicals. However, Graeffe et al. (2023) found

that changes in ozone concentration were small (approximately 2 ppb decrease) in the

presence of 254 nm lights. Peng et al. (2023b) modelled the impact of UV irradiation at

254 nm on indoor air chemistry using an oxidation flow reactor (OFR) model (Peng et al.,

2015; Peng and Jimenez, 2017, 2020) using the Regional Atmospheric Chemistry Mecha-

nism (RACM) (Stockwell et al., 1997). The modelled room had a volume of 300 m3 with

three different ventilation rates, 0.3, 3.0 and 9.0 air changes per hour to represent low,

medium and high ventilation examples (Peng et al., 2023b). Peng et al. (2023b) found

that ozone concentrations actually increased marginally upon exposure to 254 nm light
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(< 2 ppb increase relative to the baseline values of approximately 3, 18 and 28 ppb for

the low, medium and high air change rate scenarios respectively) for all three ventilation

rates. The study also found increases in secondary pollutant concentrations including

organic nitrates, which increased from 0.3 ppb to over 1 ppb under low ventilation con-

ditions. Other VOC oxidation product concentrations including carbonyls, ketones and

organic peroxides all increased by approximately 10% following exposure to 254 nm light

under all three ventilation rates (Peng et al., 2023b). This indicates an impact from 254

nm lamps on indoor secondary chemistry (Peng et al., 2023b).

The aim of this chapter is to understand how UVC photolysis can affect the indoor en-

vironment. Specifically, it aims to identify which wavelength is the most important in

terms of photolysis rates and the production of key indoor species in the lower UV region

(200 to 300 nm), and the respective impact on indoor air chemistry. This chapter first de-

scribes the development of new indoor photolysis rates in the UVC region in INCHEM-Py.

The updated model has then been used to investigate the following specific objectives:

• To quantify formation rates of secondary pollutants (radical chemistry) from UVC light-

ing.

• To determine which wavelength or wavelength ranges have the biggest impact on in-

door air quality.

• To explore how UVC lighting affects indoor air chemistry during cooking and cleaning

(both bleach and monoterpene) experiments.

• To discover how UVC lighting impacts secondary pollutant formation in different rooms

in a home.
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6.2 Methods

6.2.1 Development of the Model

INCHEM-Py originally considered 44 photolysis processes, summing the transmission of

light between 300 and 760 nm through windows, with one of seven artificial indoor lights.

This chapter develops the photolysis module in INCHEM-Py through the extension of the

wavelength range to between 200 to 300 nm. This extension builds on the methodology

developed by Wang et al. (2022b). The new wavelength range was split into 10 nm sub-

regions, which are named according to the mid-wavelength of each 10 nm range (Table

6.1).

Table 6.1: The ten new wavelength intervals.

Label Wavelength Interval
UV205 200 ≤ λ < 210 nm
UV215 210 ≤ λ < 220 nm
UV225 220 ≤ λ < 230 nm
UV235 230 ≤ λ < 240 nm
UV245 240 ≤ λ < 250 nm
UV255 250 ≤ λ < 260 nm
UV265 260 ≤ λ < 270 nm
UV275 270 ≤ λ < 280 nm
UV285 280 ≤ λ < 290 nm
UV295 290 ≤ λ < 300 nm

The absorption of light from molecular oxygen in the wavelength range of 175 to 242

nm will cause photodissociation forming two ground state oxygen atoms (Reaction 6.1)

(Yoshino et al., 1988, 1992; Nicolet and Peetersman, 1980), as discussed in Section 6.1.

The wavelength range we are focussing on to implement into the model is the Herzberg

continuum range (200 - 242 nm). The new photodissociation reaction is referred to as J9.

Equation 6.3 details how the photolysis rate coefficient is calculated for each individual

species and for a specific wavelength interval, in this case it is the UV205 wavelength

range.
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jUV 205 = hUV 205 × IUV 205 (6.3)

In Equation 6.3, jUV205 is the photolysis coefficient (in s−1). hUV205 is a constant which is

the product of the quantum yield (φ) (dimensionless) and the absorption cross-section

(σ) in cm2 in that particular wavelength range. IUV205 represents the spherically inte-

grated photon flux (photons cm−2 s−1) (Wang et al., 2022b). This process is repeated for

all of the wavelength intervals in the 200-300 nm range.

The absorption cross-sections and quantum yields (for experiments conducted at 298 K

where possible) for wavelengths between 200 and 300 nm were obtained from the rele-

vant literature (Burkholder et al., 2017; Master Chemical Mechanism, 2024; IUPAC, 2024).

The spherically integrated photon flux values were calculated using irradiance values

from Eadie et al. (2022). The lamp used was a KrCl excimer lamp, with measurements

of irradiance made at 20 cm from the source. The calculation to convert the irradiance to

the photon flux is given in Equation 6.4:

I = R

E
(6.4)

where:

E = hc

λ
(6.5)

R is the irradiance (µW cm−2), E is the energy of the photon (J), h is the Planck’s constant

(6.626 × 10−34 J Hz−1), c is the speed of light (2.997 × 108 m s−1) and λ is the wavelength

(m). These photon fluxes were averaged for the designated 10 nm intervals, and are given

in Table 6.2.

The photolysis coefficients in each interval were then calculated using Equation 6.3 and

are given in Tables 6.3 and 6.4 for each 10 nm wavelength region between 200-300 nm.

The photolysis values included in Tables 6.3 and 6.4 are for species that absorb light in

the specified regions. The respective reactions for each j value are given in Chapter 3 in

Table 3.7.
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Table 6.2: The averaged spherically integrated photon flux values (photons cm−2 s−1) for each 10
nm interval in the wavelength range between 200 and 300 nm, based on Eadie et al. (2022).

Wavelength Interval (nm) Photon Flux
UV205 1.7 x 1011

UV215 2.6 x 1012

UV225 1.1 x 1013

UV235 8.2 x 1012

UV245 6.6 x 1012

UV255 5.5 x 1012

UV265 4.7 x 1012

UV275 4.1 x 1012

UV285 3.7 x 1012

UV295 3.3 x 1012

Table 6.3: The photolysis rate coefficients (j values) in s−1 for five wavelength ranges in the far-
UVC region at a distance of 20 cm from the light source. The blank values indicate no absorption
occurs.

J Value UV205 UV215 UV225 UV235 UV245

J1 6.1 x 10−8 4.8 x 10−6 6.8 x 10−5 4.8 x 10−6 3.0 x 10−8

J2 6.7 x 10−9 5.4 x 10−7 7.9 x 10−6 5.4 x 10−7 3.3 x 10−9

J3 7.5 x 10−8 1.7 x 10−6 6.4 x 10−6 1.4 x 10−7 3.8 x 10−10

J4 5.8 x 10−8 2.3 x 10−6 1.2 x 10−5 1.9 x 10−7 2.0 x 10−10

J7 3.6 x 10−7 9.8 x 10−6 3.6 x 10−5 6.1 x 10−7 1.2 x 10−9

J8 6.7 x 10−7 3.2 x 10−6 3.1 x 10−6 3.9 x 10−8 7.6 x 10−11

J9 1.2 x 10−12 2.8 x 10−11 9.5 x 10−11 1.4 x 10−12 1.8 x 10−15

J11 - - 1.3 x 10−9 9.5 x 10−11 1.5 x 10−12

J12 - - 3.5 x 10−9 2.6 x 10−10 3.1 x 10−12

J13 2.8 x 10−11 7.4 x 10−10 6.5 x 10−9 6.4 x 10−10 6.9 x 10−12

J14 7.1 x 10−11 2.9 x 10−9 2.4 x 10−8 2.0 x 10−9 2.2 x 10−11

J15 8.8 x 10−12 6.5 x 10−10 5.3 x 10−9 3.8 x 10−10 4.2 x 10−12

J16 4.2 x 10−12 3.1 x 10−10 2.5 x 10−9 1.8 x 10−10 2.0 x 10−12

J17 2.8 x 10−10 2.7 x 10−9 8.8 x 10−9 5.0 x 10−10 5.4 x 10−12

continued on next page
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J Value UV205 UV215 UV225 UV235 UV245

J21 - 9.8 x 10−9 1.0 x 10−7 7.2 x 10−9 6.0 x 10−11

J22 4.7 x 10−10 3.2 x 10−9 3.1 x 10−8 2.2 x 10−9 1.9 x 10−11

J34 - - 3.4 x 10−7 1.4 x 10−8 7.3 x 10−11

J35 1.2 x 10−8 1.6 x 10−7 3.1 x 10−7 1.1 x 10−8 7.0 x 10−11

J41 - 1.3 x 10−6 3.7 x 10−6 7.2 x 10−8 1.8 x 10−10

J51 - - - - 1.7 x 10−10

J52 1.6 x 10−6 1.5 x 10−5 1.8 x 10−5 1.5 x 10−7 2.2 x 10−10

J53 1.8 x 10−6 1.8 x 10−5 2.1 x 10−5 1.8 x 10−7 2.5 x 10−10

J54 1.8 x 10−6 1.9 x 10−5 2.5 x 10−5 2.2 x 10−7 3.0 x 10−10

J55 1.9 x 10−6 2.0 x 10−5 2.3 x 10−5 2.0 x 10−7 2.7 x 10−10

J56 - - - - 6.9 x 10−10

J57 - - - - 6.9 x 10−10

J71 5.3 x 10−7 1.7 x 10−5 8.2 x 10−5 1.6 x 10−6 4.1 x 10−9

J72 2.9 x 10−7 9.8 x 10−6 4.9 x 10−5 8.9 x 10−7 1.8 x 10−9

J73 1.9 x 10−7 6.5 x 10−6 3.3 x 10−5 6.0 x 10−7 1.2 x 10−9

J74 1.0 x 10−8 3.5 x 10−7 3.5 x 10−6 1.6 x 10−7 6.5 x 10−10

Table 6.4: The photolysis rate coefficients (j values) in s−1 for five wavelength ranges in the near-
UVC region at a distance of 20 cm from the light source. The blank values indicate no absorption
occurs.

J Value UV255 UV265 UV275 UV285 UV295

J1 8.2 x 10−8 1.3 x 10−8 1.8 x 10−8 1.9 x 10−8 5.7 x 10−9

J2 9.1 x 10−9 1.5 x 10−9 2.0 x 10−9 2.1 x 10−9 6.3 x 10−10

J3 6.0 x 10−10 7.3 x 10−11 9.3 x 10−11 1.3 x 10−10 8.9 x 10−11

J4 1.0 x 10−10 2.9 x 10−11 1.1 x 10−10 4.4 x 10−10 8.1 x 10−10

J7 1.2 x 10−9 1.0 x 10−10 9.3 x 10−11 - -

continued on next page
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J Value UV255 UV265 UV275 UV285 UV295

J8 1.5 x 10−10 2.8 x 10−11 4.6 x 10−11 7.0 x 10−11 4.2 x 10−11

J11 9.8 x 10−12 4.7 x 10−12 2.4 x 10−11 1.1 x 10−10 1.8 x 10−10

J12 1.5 x 10−11 5.9 x 10−12 1.8 x 10−11 5.0 x 10−11 6.9 x 10−11

J13 3.7 x 10−11 1.5 x 10−11 6.2 x 10−11 2.0 x 10−10 1.9 x 10−10

J14 1.2 x 10−10 4.1 x 10−11 1.2 x 10−10 3.6 x 10−10 4.6 x 10−10

J15 2.5 x 10−11 9.1 x 10−12 2.9 x 10−11 8.6 x 10−11 1.0 x 10−10

J16 1.2 x 10−11 4.3 x 10−12 1.4 x 10−11 4.1 x 10−11 4.9 x 10−11

J17 3.2 x 10−11 1.3 x 10−11 4.2 x 10−11 2.1 x 10−10 4.5 x 10−10

J18 7.4 x 10−13 2.2 x 10−13 1.0 x 10−12 5.2 x 10−12 1.1 x 10−11

J19 7.4 x 10−13 2.2 x 10−13 1.0 x 10−12 5.2 x 10−12 1.1 x 10−11

J20 7.4 x 10−13 2.2 x 10−13 1.0 x 10−12 5.2 x 10−12 1.1 x 10−11

J21 2.5 x 10−10 6.7 x 10−11 1.5 x 10−10 3.3 x 10−10 2.9 x 10−10

J22 8.4 x 10−11 2.5 x 10−11 6.0 x 10−11 1.4 x 10−10 1.2 x 10−10

J23 7.1 x 10−12 1.4 x 10−12 3.2 x 10−12 1.4 x 10−11 1.0 x 10−11

J24 7.1 x 10−12 1.4 x 10−12 3.2 x 10−12 1.4 x 10−11 1.0 x 10−11

J31 6.4 x 10−11 1.4 x 10−11 2.7 x 10−11 4.8 x 10−11 3.2 x 10−11

J32 1.7 x 10−11 6.7 x 10−12 2.7 x 10−11 1.0 x 10−10 1.5 x 10−10

J33 6.7 x 10−13 3.4 x 10−13 1.8 x 10−12 1.0 x 10−11 2.5 x 10−11

J34 2.2 x 10−10 5.3 x 10−11 1.3 x 10−10 3.5 x 10−10 3.9 x 10−10

J35 2.3 x 10−10 5.3 x 10−11 1.2 x 10−10 2.3 x 10−10 1.8 x 10−10

J41 2.9 x 10−10 3.6 x 10−11 4.9 x 10−11 7.1 x 10−11 5.2 x 10−11

J51 2.8 x 10−10 4.5 x 10−11 6.9 x 10−11 1.0 x 10−10 6.0 x 10−11

J52 3.4 x 10−10 5.8 x 10−11 9.1 x 10−11 1.4 x 10−10 8.7 x 10−11

J53 3.7 x 10−10 5.9 x 10−11 9.4 x 10−11 1.5 x 10−10 9.5 x 10−11

J54 4.1 x 10−10 6.9 x 10−11 1.1 x 10−10 1.8 x 10−10 1.2 x 10−10

J55 4.0 x 10−10 6.3 x 10−11 1.0 x 10−10 1.6 x 10−10 9.7 x 10−11

J56 9.1 x 10−10 1.1 x 10−10 2.0 x 10−10 4.2 x 10−10 4.2 x 10−10

continued on next page
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J Value UV255 UV265 UV275 UV285 UV295

J57 9.1 x 10−10 1.1 x 10−10 2.0 x 10−10 4.2 x 10−10 4.2 x 10−10

J70 - 3.1 x 10−12 2.6 x 10−11 1.9 x 10−10 5.2 x 10−10

J71 6.8 x 10−9 8.2 x 10−10 9.8 x 10−10 1.5 x 10−9 1.4 x 10−9

J72 2.4 x 10−9 2.8 x 10−10 3.4 x 10−10 4.5 x 10−10 2.7 x 10−10

J73 1.6 x 10−9 1.9 x 10−10 2.3 x 10−10 3.0 x 10−10 1.8 x 10−10

J74 1.2 x 10−9 1.4 x 10−10 1.7 x 10−10 3.4 x 10−10 4.7 x 10−10

J75 - - 1.2 x 10−9 5.3 x 10−9 1.2 x 10−8

6.2.2 Model Simulations and Assumptions

The model simulations use the photon flux data in Table 6.2, investigating the chemistry

at 20 cm from a single UVC light source. The new wavelength ranges were implemented

into INCHEM-Py to understand how different UVC wavelength ranges affect indoor rad-

ical concentrations. The ten different wavelength ranges between 200 and 300 nm were

considered individually to understand how they affect indoor gas-phase chemistry, given

222 nm and 254 nm have traditionally been the only wavelengths considered. A series of

model runs were simulated in a kitchen for each individual 10 nm wavelength interval

with no attenuated outdoor lighting, to understand the chemistry initiated in each re-

gion. A kitchen was used to provide a comparison for later simulations when occupants

were assumed to cook or clean. Office simulations were also carried out to provide a

more realistic investigation of the chemistry initiated by UVC lighting in a work-type en-

vironment.

6.2.2.1 Baseline and New Light Additions

The model was parameterised to replicate a kitchen in a typical house located in subur-

ban London, UK. The latitude was set to 51.45 °N. The temperature, relative humidity and

air change rate was set to 19.9 °C (Ministry of Housing & Communities & Local Govern-

ment (UK Government), 2019), 53.8% (Ministry of Housing & Communities & Local Gov-

ernment (UK Government), 2019) and 0.5 hr−1 (Nazaroff, 2021). The simulation date was
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set to 21st June 2023. The baseline run was conducted in the dark (no indoor or outdoor

light) to act as a comparison. The outdoor concentrations used for these simulations are

given in Tables 3.4 and 3.5 in Chapter 3.

The simulated kitchen had a total surface area of 63.3 m2 and a volume of 25.0 m3, giving

a total surface area-to-volume ratio of 2.53 m−1. The surface area-to-volume ratio for

each material is given in Table 4.4, and there was assumed to be one adult present in

the room. Primary surface emissions have also been included in these simulations as

described in Chapter 5, Section 5.2.1. Unless stated, the simulations utilise the same

parameters as described in this section.

6.2.2.2 UVC Light Simulations

Using the parameters detailed in the baseline run (Section 6.2.2.1), the new 10 nm wave-

length intervals were simulated one at a time. Each UVC wavelength range was ’switched

on’ at 7am and off at 7pm. No other lighting was present. This pattern was repeated for

each of the wavelength ranges (from Table 6.1). The results from these simulations are

discussed in Section 6.3.1.

6.2.2.3 Cooking and Cleaning Simulations

The emission rates for cooking were taken from the lunch time cooking activity and those

for bleach cleaning from the cleaning event both described in Chapter 5 (Section 5.2.3,

Table 5.3). A simulation using a monoterpene-based cleaning product has also been ex-

plored, using emission rates from Harding-Smith et al. (2024). The simulations utilise

the same parameters as described in Section 6.2.2.1, but focus only on the UV225 wave-

length interval, which encompasses far-UVC cleaning devices using 222 nm light. Atten-

uated outdoor light has been added for these simulations with the glass type as ’glass C’

(Blocquet et al., 2018). Simulations are described in Table 6.5.
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Table 6.5: The simulation conditions for analysis of cooking and cleaning under the UV225 wave-
length interval.

Parameter Cook BL Clean MT Clean Cook then BL Clean Cook then MT Clean
Wavelength Interval UV225 UV225 UV225 UV225 UV225
UV Source On 7am 7am 7am 7am 7am
UV Source Off 7pm 7pm 7pm 7pm 7pm
Outdoor Light Yes Yes Yes Yes Yes
Glass Type Glass C Glass C Glass C Glass C Glass C
Cooking (Time of Day) 13:00-13:30 No No 13:00-13:30 13:00-13:30
Bleach Cleaning (Time of Day) No 13:00-13:30 No 14:00-14:30 No
Monoterpene Cleaning (Time of Day) No No 13:00-13:30 No 14:00-14:30

6.2.2.4 Occupied Office Simulations

A densely occupied office scenario was examined to determine the effect of the UV225

wavelength interval on indoor air chemistry. The office was assumed to include ten peo-

ple and a source of the the UV225 wavelength light alongside standard halogen lighting. A

further simulation was run as a comparison with halogen lighting only. The simulations

represent a real-life scenario, where a 222 nm air cleaner could be deployed. Attenuated

outdoor light has been added for these simulations with the use of ’low emissivity’ glass

(Wang et al., 2022b). The parameters are set up as detailed in Table 6.6. Unless otherwise

stated, the simulations utilise the same parameters as described in Section 6.2.2.1.

Table 6.6: The simulation conditions for the densely occupied office analysis.

Parameter Office with UV225 Source Office without UV225 Source
Light Type Halogen Halogen
Outdoor Light Yes Yes
Glass Type Low Emissivity Low Emissivity
Lights On 9am 9am
Lights Off 5pm 5pm
Wavelength Interval UV225 None
Adults 10 10

The volume of the office is 35 m3, and the surface area-to-volume ratios are given in

Table 4.5, apart from skin which is 0.0057 cm−1 for 10 adults. The surface area-to-volume

ratio of the office is 0.041 cm−1. Primary surface emissions have also been calculated and

included in these simulations for an office, using the methodology described in Chapter

5, Section 5.2.1.
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6.3 Results and Discussion

6.3.1 The Impact of UVC Wavelength Ranges on Indoor Radical Con-

centrations

To understand the impact of the new UV wavelength ranges, the diurnal indoor concen-

trations of key indoor species are shown in Figure 6.1. Incandescent light was used as a

comparison (Wang et al., 2022b). The lights were switched on at 7 am and off at 7 pm

with no internal activities (cooking or cleaning), and no attenuated outdoor light, as de-

scribed in Section 6.2.2.2. This is to ascertain the impact the new UV wavelength ranges

have on indoor chemistry, without interference from external lighting. The average con-

centrations of these key indoor species whilst the lights are on are given in Table 6.7. A

scenario where the lights were switched off is also included for comparison.

Table 6.7: The average indoor concentration for a range of key species whilst the lights are on
(7am to 7pm) for a selection of different lighting conditions. The units are molecule cm−3 for the
concentration of OH, ppt for the concentrations of HO2, RO2 and organic NO3 and ppb for the
other species.

Concentration
Wavelength Range OH O3 HO2 RO2 NO NO2 HONO HCHO PANs Organic NO3

Dark 4.6x104 2.6 1.4 2.5 0.3 0.9 0.07 7.2 0.5 8.1
Incand 4.8x104 2.6 1.5 2.5 0.3 0.9 0.07 7.2 0.5 8.4
UV205 4.3x104 2.9 1.4 2.5 0.3 0.9 0.07 7.2 0.5 7.5
UV215 3.0x104 10.2 1.8 4.4 0.1 0.9 0.07 7.8 0.5 4.9
UV225 1.7x105 28.9 4.7 26.9 0.03 0.7 0.05 9.3 0.9 13.7
UV235 4.5x104 2.9 1.5 2.6 0.3 0.9 0.07 7.3 0.5 7.7
UV245 4.6x104 2.5 1.4 2.5 0.3 0.9 0.07 7.2 0.5 8.1
UV255 4.6x104 2.5 1.4 2.5 0.3 0.9 0.07 7.2 0.5 8.1
UV265 4.6x104 2.5 1.4 2.5 0.3 0.9 0.07 7.2 0.5 8.1
UV275 4.6x104 2.5 1.4 2.5 0.3 0.9 0.07 7.2 0.5 8.1
UV285 4.6x104 2.5 1.4 2.5 0.3 0.9 0.07 7.2 0.5 8.1
UV295 4.6x104 2.5 1.4 2.5 0.3 0.9 0.07 7.2 0.5 8.1

The UV225 wavelength range has the most significant impact on key indoor concentra-

tions, producing the greatest perturbation. When the light was switched on, the ozone

concentration increased from 1.0 ppb to 27.2 ppb (at 7:45 am) in 45 minutes, which is

more than the ozone generation rate found by Link et al. (2023b) and Peng et al. (2023a)
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Figure 6.1: The indoor concentrations of key indoor species with photolysis at different wave-
lengths.

at 222 nm. After the initial increase, the ozone concentration rose gradually through-

out the day, reaching a maximum concentration of 30.3 ppb at 4:18 pm before returning

to a background concentration (2.6 ppb) at 8:35 pm, one hour and 35 minutes after the

light had been switched off. UV215 showed a similar trend in ozone concentration to

the UV225 wavelength range, but the ozone concentration only reached a maximum of

11.3 ppb also at 4:18 pm. The only other discernible ozone increases were for UV205 and

UV235, which increased ozone concentrations by 0.3 and 0.4 ppb within an hour (8am)

respectively.

The main cause of ozone generation from these wavelength ranges is due to the new pho-

tolysis reaction J9 (Reaction 6.1). The production of ground state oxygen atoms (O(3P))



CHAPTER 6. THE ROLE OF UVC PHOTOLYSIS IN INDOOR AIR CHEMISTRY 166

results in a reaction with molecular nitrogen and oxygen (Reactions 6.6 and 6.7 respec-

tively). These reactions drive the formation of ozone indoors under the addition of far-

UVC wavelength ranges. The rate of reaction at 7:45 am under the UV225 wavelength

range for Reactions 6.6 and 6.7 are 32.9 ppt s−1 and 9.3 ppt s−1 respectively.

O(3P )+N2 −→O3 (6.6)

O(3P )+O2 −→O3 (6.7)

The wavelength ranges UV245, UV255, UV265, UV275, UV285 and UV295 had a lower

average ozone concentration during the day (2.5 ppb) than if incandescent lighting was

present or if there was no artificial lighting at all (2.6 ppb).

Indoor OH concentrations increased from 8.2 x 104 molecule cm−3 (at 7 am) to a daily

high concentration of 2.3 x 105 molecule cm−3 (a 180% increase) in 30 minutes (7:30 am)

in the UV225 region. This sharp increase in OH concentration is caused by the photoly-

sis of ozone to form excited state oxygen atoms (described in Reaction 1.1 in Chapter 1,

Section 1.3), which react with water (Reaction 6.8) to produce two OH radicals. Reaction

6.8 has a rate of 0.13 ppt s−1 for the highest diurnal OH concentration at 7:30 am.

O(1D)+H2O −→OH +OH (6.8)

Upon exposure to the UV215 wavelength range, the average OH concentration was lower

than for the other wavelength ranges tested. The OH concentration decreased from 8.2 x

104 molecule cm−3 to 5.1 x 104 molecule cm−3 in 20 minutes (7:20 am). The average OH

concentration during the day in UV215 is 3.0 x 104 which is the lowest for the simulated

wavelength ranges.

There is a balance between ozone and OH reaction rates. Figures 6.2 and 6.3 shows the

diurnal formation and loss rates for OH for the UV215 and UV225 wavelength ranges.



CHAPTER 6. THE ROLE OF UVC PHOTOLYSIS IN INDOOR AIR CHEMISTRY 167

Figure 6.3 shows a sharp increase in the formation rate of OH at 7 am, which heavily out-

weighs the loss rate. This results in an instant increase in the OH concentration (Figure

6.1). As the HO2 reacting with NO reaction becomes less important (around 7:30 am), the

OH concentration will start to decrease. For the UV215, at 7 am, the loss rates outweigh

the formation rates, which results in a decrease of OH (Figure 6.2).

Figure 6.2: The diurnal OH reaction rate (ppt s−1) with the UV215 wavelength range. A positive
reaction rate represents a formation of OH. A negative reaction rate representation a loss of OH.
The top five formation and loss reactions are represented in the legend (given as MCM names).
The total formation/loss rate is also represented (black line).

The total ozone formation rate at 7:05 am for UV215 is 13.8 ppt s−1, which is lower than

the total ozone formation rate for UV225 (43.2 ppt s−1) at this time period. The total loss

rates for ozone at this time is 6.6 ppt s−1 and 18.3 ppt s−1 for UV215 and UV225 respec-

tively. O3 loss is dominated by surface deposition. This results in an increase of ozone in

both time periods, but the UV225 scenario elevates ozone to a higher concentration. The

most important formation reactions of ozone at this time interval for UV215 and UV225

are Reactions 6.6 and 6.7.

Due to the elevated concentrations of ozone caused by the UV225 wavelength range, av-
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Figure 6.3: The diurnal OH reaction rate (ppt s−1) with the UV225 wavelength range. A positive
reaction rate represents a formation of OH. A negative reaction rate representation a loss of OH.
The top five formation and loss reactions are represented in the legend (given as MCM names).
The total formation/loss rate is also represented (black line).

erage HO2 (4.7 ppt) and RO2 (26.9 ppt) concentrations are approximately 3 and 11 times

higher respectively than if incandescent lighting is used (1.5 and 2.5 ppt respectively). Af-

ter the UV225 light was switched on, the HO2 concentration increased from 0.88 ppt to

5.5 ppt in 39 minutes (7:39 am). This was its highest concentration throughout the day,

before it started to gradually decrease until the lights were switched off at 7 pm, returning

to an background concentration of 1.5 ppt at 7.51 pm.

RO2 concentrations behave similarly to HO2, with an initial increase from 1.4 ppt to 11.7

ppt at 7:41 am. The RO2 concentration then gradually increased throughout the day to a

maximum concentration of 39.4 ppt at 3.48 pm compared to HO2, which peaks early and

slowly decreases. The RO2 concentration returns to baseline levels (2.3 ppt) 90 minutes

after the lights have been switched off. HO2 and RO2 concentrations for the UV215 wave-

length range also increased, with average concentrations during the day of 1.8 and 4.4 ppt

respectively. The other wavelength ranges did not alter the HO2 and RO2 concentrations

significantly (< 1% change).
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NO concentrations showed the opposite trend to ozone, given the two species readily re-

act. The UV215 and UV225 wavelength ranges caused a decrease in NO concentration.

This is due to the reaction of NO with HO2, which can form OH and NO2. The average

diurnal concentrations were 0.1 and 0.03 ppb respectively compared to the other wave-

length ranges which had indoor concentrations of 0.3 ppb. The lighting conditions had

little effect on average diurnal NO2 concentrations. The only wavelength range which

had a concentration decrease of NO2 from the baseline was UV225 (decrease of 0.2 ppb

relative to a baseline value of 0.9 ppb).

For the UV225 wavelength range, other key indoor species including formaldehyde, per-

oxyacetylnitrates (PANs) and organic NO3 had higher average diurnal indoor concentra-

tions (9.3 ppb, 0.9 ppb and 13.7 ppt) respectively than the other lighting scenarios. The

concentration of PAN for the other wavelength ranges was 0.5 ppb. The average organic

nitrate concentration was lowest for the UV215 wavelength range (4.9 ppt) due to the

lower OH concentration. The UV215 wavelength range scenario also led to the second

highest concentration of formaldehyde (7.8 ppb).

OH reactivity and production increased sharply upon exposure to the UV225 wavelength

range, as shown in Figure 6.4. OH production increased by approximately 3 times from

3.1 x 106 molecule cm−3 s−1 (at 7 am) to 9.8 x 106 molecule cm−3 s−1 at 8:02 am, driven

by production from ozone. The OH production rate slowly decreased throughout the day

and returned to baseline levels (1.1 x 106 molecule cm−3 s−1) 111 minutes after lighting

had been switched off. The reactivity of OH increased steadily throughout the day. OH

reactivity is defined by the sum of OH reactant concentrations multiplied by their respec-

tive rate coefficients with OH (Yang et al., 2016; Shaw et al., 2023). Over the course of the

12 hours when the lights were on, the OH reactivity rose from 36.0 s−1 to 53.5 s−1, with

the largest increase between 7 am and 9:25 am (36.0 s−1 to 50.1 s−1), dominated by the

reaction of straight-chained aldehydes with OH.
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Figure 6.4: The reactivity (s−1) and production (molecule cm−3 s−1) of OH during operation of the
UV225 light.

Further simulations were conducted to ascertain whether room type affected radical con-

centrations when exposed to UV215 and UV225 wavelength ranges (Figure 6.5). These

simulations followed the same parameterisation as described in Section 6.2.2.2 but in-

cluded attenuated outdoor lighting with glass C with surface area-to-volumes represen-

tative for each room type, as described in Chapter 4 in Tables 4.3, 4.4 and 4.5.

Figure 6.5 shows that the kitchen has a slightly higher maximum OH concentration (5.4

x 105 molecule cm−3), than the bedroom (5.3 x 105 molecule cm−3) and the office (5.2 x

105 molecule cm−3) for the UV225 wavelength range. Similarly, the kitchen had the high-

est maximum O3 concentration for both the UV215 and UV225 wavelength ranges (11.8

and 30.6 ppb respectively) in comparison to the bedroom (7.0 and 18.0 ppb respectively)

and the office (5.6 and 14.6 ppb respectively). This indicates the surfaces present in the

kitchen can lead to higher OH and O3 concentrations than the other rooms in a home

upon exposure to UV225 light, leading to more perturbation of indoor chemistry. The

kitchen will now be used to simulate how cooking and cleaning can affect indoor radical

concentrations in the presence of the UV225 wavelength range.
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Figure 6.5: The diurnal indoor concentrations of OH and O3 for the UV215 and UV225 wavelength
ranges in a bedroom, kitchen and office, including outdoor attenuated lighting.

6.3.2 Cooking and Cleaning under Far-UVC Lighting

Cooking and cleaning are known to emit indoor pollutants (Davies et al., 2023; Mattila

et al., 2020b), but little is known about how these activities interact with far-UVC light.

This section describes how cooking and cleaning with far-UVC light (UV225 in the sim-

ulations) affect indoor gas-phase concentrations of key species. These simulations have

been conducted as described in Section 6.2.2.3. The baseline simulation in this section

is a typical kitchen where no cooking or cleaning occurs. Attenuated outdoor lighting is

included, using the ’glass C’ glass type (Shaw et al., 2023). The concentrations for key

indoor species between 12 noon and midnight are provided in Figures 6.6 to 6.11. The
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scenarios referred to are described in Table 6.5.

Figure 6.6: The diurnal indoor concentrations of OH during 30-minute periods of cooking, clean-
ing or both. The ’BL Clean’ and ’Cook then BL Clean’ concentration profiles are located on the
secondary y-axis.

Figure 6.7: The diurnal indoor concentrations of O3 during 30-minute periods of cooking, clean-
ing or both.
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Figure 6.8: The diurnal indoor concentrations of HO2 during 30-minute periods of cooking,
cleaning or both. The ’BL Clean’ and ’Cook then BL Clean’ concentration profiles are located
on the secondary y-axis.

Figure 6.9: The diurnal indoor concentrations of RO2 during 30-minute periods of cooking, clean-
ing or both. The ’Baseline’ and ’Cooking’ then BL Clean concentration profiles are located on the
secondary y-axis.
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Figure 6.10: The diurnal indoor concentrations of NO during 30-minute periods of cooking,
cleaning or both.

Figure 6.11: The diurnal indoor concentrations of NO2 during 30-minute periods of cooking,
cleaning or both.

Figure 6.6 shows that bleach cleaning has the biggest impact on OH radical concentra-

tions compared to cooking and monoterpene cleaning. Upon initiating bleach cleaning
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at 1 pm, the OH concentration increases from 2.8 x 105 molecule cm−3 to a maximum

concentration of 4.0 x 106 in 30 minutes (1:30 pm). This sudden increase in the concen-

tration of OH is caused by the photolysis of hypochlorous acid (HOCl) denoted by J74 in

Table 3.7 forming chlorine radicals and OH. This reaction has a rate of 3.3 ppt s−1.

The simulation with cooking resulted in a small initial decrease in OH radical concentra-

tion (2.5 x 105 molecule cm−3 at 1:30 pm). Monoterpene cleaning resulted in a sudden

OH peak (6.2 x 105 molecule cm−3 at 1:03 pm). The major formation rate of OH following

monoterpene cleaning is described by the formation of secondary pollutants via ozonol-

ysis with limonene (Reaction 6.9) and the subsequent formation of peroxy radicals and

OH. The rate of reaction of the formation of OH and the two unique limonene peroxy rad-

icals (Reactions 6.10 and 6.11 respectively) (Carslaw, 2013; Master Chemical Mechanism,

2024), is 1.7 ppt s−1 for both reactions.

(6.9)

(6.10)

(6.11)

Reaction 6.9 in the simulation with cooking followed by monoterpene cleaning also re-

sults in a sudden OH concentration peak at 2:03 pm. The maximum OH concentration in

this simulation is 6.0 x 105 molecule cm−3, a slightly lower concentration than for isolated

monoterpene cleaning, indicating a suppression of OH radicals if cooking occurs before
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cleaning. This suppression was also noticed when bleach cleaning followed cooking.

In Figure 6.7, monoterpene cleaning causes a significant decrease in ozone concentra-

tion. The UV225 light is on for six hours before the introduction of monoterpenes, so

the ozone concentration is 30.3 ppb at the start of indoor activities at 1 pm. However,

with monoterpene cleaning, ozone concentration decreases to 10.3 ppb in 33 minutes,

given that monoterpenes readily undergo ozonolysis reactions (Reaction 6.9). The rate

of reaction of Reaction 6.9 at 1:33 pm is 12.8 ppt s−1. Cooking had little impact on ozone

concentration (< 1% change). Bleach cleaning also made ozone concentrations decrease

(12.5% decrease in 30 minutes), but quickly returned to baseline levels (34 minutes after

cleaning had finished).

Ozone is also depleted by other monoterpenes present in the cleaning mixture including;

α-pinene, α-phellandrene, γ-terpinene, terpinolene and Δ3-carene which have rates of

reaction with ozone of 1.9, 1.2, 1.1, 0.81, and 0.77 ppt s−1 respectively at 1:33 pm. J1

(the photolysis of ozone to form O(1D) and O2), is also a source of ozone loss (forming

an excited state oxygen atom), with a reaction rate of 0.70 ppt s−1. Ozone also decreases

when monoterpene cleaning is followed by cooking. There is a negligible change in ozone

concentration following cooking, indicating it has little impact on ozone concentration

in the UV225 wavelength range.

In Figure 6.8, the concentration of the HO2 radical follows an interesting trend following

cooking and cleaning. When cooking starts, the HO2 concentration increases by 2.7 ppt

in 32 minutes. Bleach cleaning causes an increase of 147 ppt of HO2 over 30 minutes.

However, when monoterpene cleaning occurs, the concentration of HO2 decreases to 5.6

ppt (from 9.1 ppt) in three minutes but swiftly increases to 8.6 ppt by 1:30 pm. This is due

to the initial reaction of the monoterpene (primarily limonene) RO2 radicals with HO2.

HO2 is then replenished from RO radicals reacting with oxygen.

Bleach cleaning at 1 pm gives rise to the highest HO2 concentration of the five scenar-

ios (156 ppt at 1:30 pm). HO2 concentrations for bleach cleaning following cooking are

also high at 2:30 pm (154 ppt). This is primarily because of VOCs reacting with chlorine
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radicals. The HO2 concentrations for the cooking, bleach cleaning and cook then bleach

clean scenarios steadily decrease throughout the day and return to a baseline level of

1.4 ppt by 8:14 pm, 74 minutes after the lights have been switched off. The HO2 con-

centrations in both monoterpene cooking and monoterpene cleaning following cooking

scenarios continue to decrease following activity until the lights are switched off at 7 pm.

The HO2 concentrations then increase gradually but do not return to baseline levels until

after midnight, indicating a lasting effect on HO2 radical concentrations from monoter-

pene cleaning well after the activity has finished and lights have been switched off.

Figure 6.9 shows how RO2 concentrations during the scenarios involving the monoter-

pene cleaning reach very high concentrations compared to the other scenarios. Monoter-

pene cleaning at 1 pm causes RO2 concentrations to increase to a maximum of 2619 ppt

at 1:30 pm. The high RO2 concentrations are caused by the reaction between ozone and

monoterpene species, primarily from limonene oxidation (Reactions 6.9, 6.10 and 6.11).

The scenario involving monoterpene cleaning which follows cooking, causes RO2 con-

centrations to increase to a maximum of 2627 ppt at 2:30 pm. Bleach cleaning also causes

an increase in RO2 concentrations. Following the initiation of bleach cleaning, the con-

centration of RO2 rises to a maximum concentration of 1317 ppt (1:09 pm). Cooking

actually decreases the concentration of RO2 slightly, from 21.0 ppt to 20.4 ppt in 30 min-

utes. Following this, the RO2 concentration rises to a maximum concentration of 24.5 ppt

at 7:00 pm before returning to baseline levels (7.3 ppt), 10 minutes after the lights have

been switched off.

The concentration of NO in all five scenarios is low (< 0.02 ppb) throughout the day due

to the high concentrations of ozone (Figure 6.10). NO readily reacts with ozone, and the

ozone concentration is consistently replenished by oxygen photolysis. The NO2 concen-

tration increases initially with monoterpene cleaning (Figure 6.11), but decreases initially

for bleach cleaning. Following bleach cleaning, the NO2 concentration reaches a mini-

mum of 0.04 ppb at 1:32 pm and return to baseline levels (0.33 ppb) at 2:33 pm. However,

following monoterpene cleaning, NO2 concentrations reach a minimum of 0.08 ppb at

1:32 pm and do not reach baseline levels until the next day.
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6.3.3 Secondary Pollutant Analysis from UVC Lighting

Photolysis of indoor species has been shown to produce secondary pollutants (Wang

et al., 2022b), which can impact human health. As previously seen in Chapter 4, a met-

ric designed by Carslaw and Shaw (2019) can be used to compare how different indoor

conditions can affect secondary pollutant concentrations and potential health effects.

This metric is denoted as the ’Secondary Product Creation Potential’ (SPCP), used in its

original form, without the division of an added VOC, and is given in Equation 6.12:

SPC P =Σ
 [Total Organic Nitrates] + [PAN s] + [O3] +

[Gl yoxal ] + [For maldehyde] + [Acet al dehyde]

 (6.12)

Figure 6.12 shows the daily averages of SPCP (in ppb) using the newly added UV wave-

length ranges. Figure 6.12 shows that lighting in the UV225 wavelength range dominates

secondary pollution creation compared to other lighting types (SPCP of 31.3 ppb). This

is primarily due to the high concentrations of ozone produced indoors when exposed

to this type of lighting. Ozone was the highest contributor to the SPCP metric with an

average concentration of 26.3 ppb (contributing 84%). Acetaldehyde and formaldehyde

contributed the second (8%) and third (7%) most to the SPCP value with 2.5 and 2.1 ppb

respectively at this wavelength.

The UV215 wavelength range scenario resulted in an increase in SPCP (9.0 ppb on av-

erage) when the lights were switched on, 2150% higher than UV205 lighting on average

during the day. SPCP also increased slightly for the wavelength ranges of UV205 (0.4 ppb)

and UV235 (0.5 ppb). The wavelength ranges of UV255, UV265, UV275, UV285 and UV295

resulted in a slightly negative SPCP concentration following the subtraction of the base-

line.

Figure 6.13 show how SPCP varies with indoor cooking and cleaning activities. The base-

line (no activities) value has been subtracted from the original SPCP value. The SPCP

average (between 12 noon and 5 pm) focuses on the period with impacts from cooking

and cleaning.
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Figure 6.12: The average ’Secondary Product Creation Potential’ (ppb) under a selection of dif-
ferent wavelength ranges between 7 am and 7 pm during the time when the lights are on. The
baseline value (no lighting) has been subtracted from each of the wavelength ranges

Figure 6.13 shows that monoterpene cleaning following cooking has the highest SPCP

value (33.0 ppb) of the six different scenarios. The no activity scenario and cooking had

the second highest SPCP values (32.8 ppb). These observations suggest that monoter-

pene cleaning following cooking under the UV225 wavelength range is the most likely to

produce secondary pollutants, however this increase (0.02 ppb) from no activity is min-

imal. As expected, ozone dominated the total SPCP concentration accounting for 26.8

ppb (86.5 %) in the bleach cleaning scenario. The scenario with the lowest SPCP value

was bleach cleaning (31.0 ppb). The bleach cleaning following cooking scenario also had

an SPCP value of 31.5 ppb. This indicates that the UV225 wavelength range can pro-

duce high concentrations of secondary pollutants. Cooking and cleaning have minimal

contribution to secondary pollutant formation if a typical kitchen is exposed to UV225

wavelength.

The secondary chemistry can be scrutinised further by removing the SPCP value with

no activity scenario from the other SPCP values (Figure 6.14). Positive (negative) values

indicate an overall increase (decrease) in concentration for the activity compared to no

activity for a particular pollutant.
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Figure 6.13: The average ’Secondary Product Creation Potential’ (ppb) between the hours of 12
noon and 5pm for cooking and cleaning activities under our UV225 wavelength range. The emoti-
cons indicate whether cooking or cleaning took place in that simulations. The baseline (dark) has
been subtracted from the original SPCP value.

Figure 6.14 shows that the SPCP for scenarios involving monoterpene cleaning only in-

creases if the increased concentrations of formaldehyde, acetaldehyde, glyoxal, PANs and

organic nitrates outweigh ozone loss. For example, for monoterpene cleaning, the con-

centrations of formaldehyde, acetaldehyde and PANs increase by 7.6 ppb, but this is out-

weighed by a reduced ozone concentration (by 7.8 ppb). For bleach cleaning, acetalde-

hyde shows a loss compared to no activity (1.5 ppb), as do organic nitrates (0.01 ppb),

formaldehyde (0.27 ppb) and ozone (0.45 ppb). PANs and glyoxal increase (0.3 ppb to-

tal), but are heavily outweighed by the loss in concentrations from the other pollutants.

Cooking only shows a small decrease in organic nitrate concentration. This, again, shows

that the primary source of secondary pollutant formation is from the UV225 wavelength

range itself, with cooking and cleaning having little influence.



CHAPTER 6. THE ROLE OF UVC PHOTOLYSIS IN INDOOR AIR CHEMISTRY 181

Figure 6.14: The average ’Secondary Product Creation Potential’ (ppb) following subtraction of
the no activity scenario between the hours of 12 noon and 5pm for cooking and cleaning activities
for the UV225 wavelength range. The emoticons indicate whether cooking or cleaning took place
in that simulations.

6.3.4 How Does Outdoor Pollution Affect the Impact of Far-UVC Light-

ing Indoors?

This section compares three different cities, London, Bergen and Milan, which have dif-

ferent outdoor diurnal profiles of O3 and NOx, to understand if they have an effect on key

indoor species under far-UVC light exposure. These cities represent different concentra-

tions of outdoor pollutants. Bergen has a low level of pollution, London has a medium

level and Milan is highly polluted. The simulations assume the same parameters as de-

scribed in Section 6.2.2.1 except the outdoor pollution profiles change for O3 and NOx

for the different cities. There is attenuated outdoor light in these simulations, using the

’glass C’ glass type (Shaw et al., 2023). For indoor lighting, incandescent and the UV225

wavelength range are simulated individually and compared. Figure 6.15 show the diurnal

profiles of O3 and NOx for London, Bergen and Milan.

Figure 6.15 demonstrates that the outdoor profile of Milan is heavily polluted, primarily

due to bad dispersion and traffic (Terry et al., 2014). These concentrations were measured
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Figure 6.15: The outdoor diurnal concentrations (ppb) of O3 and NOx for London, Bergen and
Milan.

in the summer of 2003 and represent extremely high levels of pollution (Sangiorgi et al.,

2013). Maximum O3 and NOx concentrations in Milan reached approximately 109 and

83 ppb respectively, compared to Bergen which has a cleaner profile, with much lower

maximum concentrations of O3 and NOx of approximately 31 and 19 ppb. The average

indoor concentrations of key indoor species with varying outdoor pollution profiles with

incandescent light and the UV225 wavelength range are shown in Figures 6.16 to 6.21.
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Figure 6.16: The average indoor concentration for O3, NO, NO2, HONO, HCHO, PANs and organic
NO3 (all in ppb) whilst the lights are on (7am to 7pm) under incandescent lighting with contrast-
ing outdoor concentrations of O3 and NOx defined by measurements taken in different cities. The
outdoor concentrations of O3 and NOx are diurnally averaged from a seasonal three-month vari-
ation, taken from July to September. The cities are Bergen (B), London (L) and Milan (M).

Figure 6.17: The average indoor concentration for O3, NO, NO2, HONO, HCHO, PANs and organic
NO3 (all in ppb) whilst the lights are on (7am to 7pm) under the UV225 wavelength range with
contrasting outdoor concentrations of O3 and NOx defined by measurements taken in different
cities. The outdoor concentrations of O3 and NOx are diurnally averaged from a seasonal three-
month variation, taken from July to September. The cities are Bergen (B), London (L) and Milan
(M).
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Figure 6.18: The average indoor concentration for HO2 and RO2 (all in ppt) whilst the lights are
on (7am to 7pm) under incandescent lighting with contrasting outdoor concentrations of O3 and
NOx defined by measurements taken in different cities. The outdoor concentrations of O3 and
NOx are diurnally averaged from a seasonal three-month variation, taken from July to September.
The cities are Bergen (B), London (L) and Milan (M).

Figure 6.19: The average indoor concentration for HO2 and RO2 (all in ppt) whilst the lights are
on (7am to 7pm) under the UV225 wavelength range with contrasting outdoor concentrations
of O3 and NOx defined by measurements taken in different cities. The outdoor concentrations
of O3 and NOx are diurnally averaged from a seasonal three-month variation, taken from July to
September. The cities are Bergen (B), London (L) and Milan (M).
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Figure 6.20: The average indoor concentration for OH (in molecule cm−3) whilst the lights are
on (7am to 7pm) under incandescent lighting with contrasting outdoor concentrations of O3 and
NOx defined by measurements taken in different cities. The outdoor concentrations of O3 and
NOx are diurnally averaged from a seasonal three-month variation, taken from July to September.
The cities are Bergen (B), London (L) and Milan (M).

Figure 6.21: The average indoor concentration for OH (in molecule cm−3) whilst the lights are
on (7am to 7pm) under the UV225 wavelength range with contrasting outdoor concentrations
of O3 and NOx defined by measurements taken in different cities. The outdoor concentrations
of O3 and NOx are diurnally averaged from a seasonal three-month variation, taken from July to
September. The cities are Bergen (B), London (L) and Milan (M).
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Figures 6.16 to 6.21 demonstrate that outdoor pollution does have an effect on indoor

environments exposed to the UV225 wavelength range. The scenario involving the in-

candescent light in Milan gave rise to the highest indoor OH concentration (6.8 x 105

molecule cm−3) (Figure 6.21). This is because the most important reaction in Milan for the

formation of OH is HO2 reacting with NO. The reaction rate for this reaction for incandes-

cent light is 1.5 times higher than the reaction rate with UV225 light, resulting in a higher

average OH concentration. This is because although HO2 concentrations were higher

for the UV225 light, the NO concentration was substantially lower due to the high ozone

concentrations. The scenario involving the UV225 wavelength range in Milan yields the

highest O3 (33.5 ppb), formaldehyde (9.8 ppb), PANs (1.45 ppb) and organic NO3 (0.19

ppb) (Figure 6.17) concentrations. The concentrations of O3, formaldehyde, PANs and

organic NO3 had a percentage increase of approximately 329, 26, 114 and 12% respec-

tively from the scenario in the same city compared with incandescent lighting. HONO

concentrations in Milan for both lighting conditions were approximately 8 and 5 times

higher than in London and Bergen respectively (Figures 6.16 and 6.17).

The concentrations of HO2 and RO2 in Milan with the UV225 wavelength range (1.8 and

2.9 ppt respectively) were lower than in Bergen (5.5 and 10.0 ppt respectively) and Lon-

don (7.4 and 18.3 ppt respectively) with the same lighting (Figure 6.19). Since heatwaves

are supposedly going to become more common due to the impact of climate change,

high pollution events will occur more often, leading to high external ozone concentration

(Moghani and Archer, 2020). This section has provided an outlook into the future as to

how cleaning devices with the UV225 wavelength range can contribute to indoor chem-

istry with varying levels of outdoor pollution. It is determined that as pollution worsens

outdoors, the concentrations of indoor pollutants including ozone, OH and formalde-

hyde increase. This pollutant increase is exacerbated whilst exposed to the UV225 wave-

length range.
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6.3.5 The Implications of Far-UVC on Indoor Air Pollution in an Occu-

pied Office

To understand how far-UVC light could affect indoor workplaces, an office which con-

tained 10 adults (each with a skin surface area of 2 m2 (Fischer et al., 2013; Kruza and

Carslaw, 2019)) was simulated. These simulations are detailed in Section 6.2.2.4.

Ozone is a major reactant with human skin oil indoors (Weschler and Nazaroff, 2023).

Products released from this reaction include nonanal, decanal, acetone and 4-OPA (4-

oxopentanal) (Liu et al., 2021). Since the UV225 wavelength range has been found to

produce high concentrations of ozone indoors, it is expected the concentrations of these

skin oil-ozone pollutants will also be elevated, particularly since this office is densely

packed with occupants compared to the kitchen examples. The concentrations of these

secondary pollutants as well as ozone (whilst the office is occupied between the hours of

9am and 5pm) is shown in Figure 6.22 with both lighting scenarios.

Figure 6.22: The indoor concentration for ozone and a variety of ozone-skin oil oxidation prod-
ucts (all in ppb) in an office occupied by 10 adults. The concentration of acetone is given on the
right-hand axis. The concentration of the rest of the species are given on the left-hand axis. The
species with a dotted line represent the simulation with UV225 and halogen lighting. The species
with a dashed line represent the simulation with halogen lighting only.
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Firstly, the addition of the UV225 wavelength range to the halogen light results in an in-

crease in ozone concentration. The average ozone concentration of the halogen lighting

simulation was 0.90 ppb, compared to 8.1 ppb for the UV225 and halogen lighting simula-

tion, owing to the new O2 photolysis reaction (J9). This ozone increase also resulted in an

increase in the concentration of skin oil-ozone oxidation products. Maximum nonanal

and decanal concentrations reached 3.1 and 9.2 ppb respectively in the UV225 wave-

length range with halogen simulation, compared to 1.0 and 2.3 ppb respectively for the

halogen lighting only simulation. Concentrations of nonanal and decanal kept gradually

rising, throughout the day, and were highest in the afternoon in the UV225/halogen sim-

ulation. This is due to the ongoing reactions with the ozone produced from the UV225

wavelength range.

Average 4-OPA concentrations were approximately 12 times higher in the UV225/halogen

simulation (1.2 ppb) than the halogen lighting only simulation (0.1 ppb). Acetone con-

centrations attained a maximum concentration of 32.1 ppb in the UV225/halogen sce-

nario. This was only a small increase (0.1 ppb) in the acetone concentration (31.1 ppb)

from the halogen lighting only scenario. The concentrations of some secondary indoor

pollutants are also higher in the UV225/halogen scenario. Formaldehyde and PANs have

average office concentrations of 5.1 and 0.38 ppb respectively. These are 11 and 27%

higher than the concentrations of these pollutants (4.6 ppb and 0.30 ppb respectively) in

the halogen only scenario. Organic NO3 had slightly higher concentrations in the halo-

gen only scenario than the UV225/halogen. Although the secondary pollutant concen-

trations aren’t as extreme in this scenario, it would be safest to proceed with caution if

air cleaning devices with the UV225 wavelength range are deployed in densely occupied

environments.

6.4 Conclusions

The aim of this chapter was to evaluate photolysis in the UVC region (between 200

and 300 nm) through the construction of new photolysis rates (including the addition

of a new photolysis coefficient, J9) to cover this wavelength range, implement them in
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INCHEM-Py and explore how UV lighting can affect indoor air chemistry. The results

have shown how lighting in the UV region can affect indoor secondary chemistry. The

light in the far-UVC range can have a significant impact on indoor gas-phase concen-

trations of key species, especially ozone, which was found to be 11 times higher than if

incandescent lighting was present. The concentrations of OH, HO2 and RO2 all increased

noticeably upon exposure to this far-UVC light. Lights with a wavelength range of be-

tween 200 and 250 nm do affect indoor concentrations, with 220 to 230 nm being the

most important. However, lights with a wavelength range of between 250 and 300 nm

had little impact on indoor gas-phase concentrations (compared to incandescent light-

ing).

This chapter also considered the impact cooking and cleaning under far-UVC lighting

had on indoor pollutant concentrations. Bleach cleaning caused indoor OH concentra-

tions to increase as a result of the photolysis of HOCl under the UV225 wavelength range.

RO2 concentrations markedly increased upon monoterpene cleaning during far-UVC ex-

posure. Monoterpene cleaning caused a sharp decrease in ozone concentration through

ozonolysis reactions with limonene, α-phellandrene, γ-terpinene and other monoter-

penoid species. Bleach cleaning and cooking under far-UVC exposure also caused an

increase to HO2 concentrations. However, from the resultant secondary product cre-

ation potential analysis, it was determined that the UV225 lamp itself was the cause of

the production of secondary products as opposed to the cooking and cleaning. If any-

thing, the household activities decreased secondary pollutant concentrations during ex-

posure to the UV225 wavelength range. This chapter also identified how polluted cities

can contribute to indoor air quality and affect indoor pollutant concentrations further

when far-UVC lamps are used.

Further experimental studies need to be performed to understand how far-UVC photo-

chemistry affects indoor environmental to further strengthen modelling studies. This in-

cludes using different intensity lamps, understanding the transmission of the lights and

determining how far the light can move away from its source. One light may also not be

particularly efficient in a larger room, where more lights would be potentially required
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for increased pathogen reduction efficacy. Despite the apparent evidence that light at

222 nm doesn’t cause harm to human health, it is important to still consider how it can

and may affect indoor air quality. The results have shown that light at 222 nm can re-

sult in high indoor concentrations of ozone which can lead to the creation of secondary

pollutants which can be potentially harmful to human health.

This chapter has found that UV225 wavelength range can significantly affect indoor

chemistry in comparison to the UV255 wavelength range which showed little impact. It

has also shown that, linking back to Chapter 4, surface composition plays an important

role in indoor chemistry when exposed to air cleaning devices. In review and in connec-

tion with recent health data, the 222 nm lamp affects indoor chemistry but is supposedly

safe for human health, however, the 254 nm lamp does little to affect indoor chemistry

but can have severe implications on human health upon exposure. It is worth noting the

mode that these cleaning devices are used in too, where, different irradiances and num-

ber of lamps can increase or decrease exposure. Cleaning with light at 222 nm should

preferably be undertaken in an unoccupied room to avoid health complications from the

light itself and the resultant chemistry.



Chapter 7

Summary, Conclusions and Proposals for

Future Study

7.1 Addressing the Research Gap

Indoor air chemistry is complex. There are numerous sources of indoor air pollution,

with many of them playing a key role in the gas-phase chemistry. Identifying which

sources are the most important and contribute most to indoor air pollution is challeng-

ing. Recently, outdoor atmospheric scientists have started to shift their interest more

towards indoor air, since this is where we spend approximately 90% of our lives (Klepeis

et al., 2001) and receive most of our exposure to air pollution. Field campaigns including

HOMEChem (Farmer et al., 2019), CASA (Farmer et al., 2024) and IMPECCABLE (Davies

et al., 2023) have enabled scientists to make more detailed assessments as to how com-

mon household activities including cooking and cleaning can affect indoor air pollution

in homes (Reidy et al., 2023; Mattila et al., 2020a). These experimental campaigns are crit-

ical so that computational models can probe indoor air chemistry and provide deeper

insights. With the field of indoor air becoming more prominent (especially since the

COVID-19 pandemic), it is important to be able to use computational models to iden-

tify impacts of indoor pollution, beyond those that field experiments are able to probe.

This thesis aimed to further develop and evaluate a detailed indoor air model to evaluate

191
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different sources of indoor air pollution. The objectives of the thesis were to determine

how surface chemistry, cooking, cleaning and UVC photochemistry contribute to indoor

VOC and radical concentrations, and secondary pollutant formation. It also explored

how indoor air pollutants released from cooking and cleaning contribute to outdoor air

pollution in urban communities through newly developed ’near-field concentrations’.

7.2 Summary of Key Findings

The INdoor CHEmical Model in Python better represents chemical transformations and

processes for; surface deposition onto a range of materials and rooms, including the de-

position of ozone and hydrogen peroxide (Chapter 4); indoor to outdoor pollutant trans-

fer and the impact on outdoor air quality in an urban community (Chapter 5); and UVC

photochemistry from air cleaning devices, including the addition of a new photolysis re-

action (Chapter 6).

In Chapter 4, nine materials were added into the model for ozone deposition, and six

materials were added for hydrogen peroxide deposition. Tailored surface area-to-volume

ratios were developed for a bedroom, a kitchen and an office. The kitchen had the small-

est surface area-to-volume ratio whereas the office had the largest. The largest surface

area-to-volume ratio in all three rooms was painted surfaces.

The results showed that surfaces which had low deposition velocities had little influence

on concentrations of key indoor species. However, skin, soft fabrics and plastic affected

modelled concentrations. The OH concentration was highest in an occupied kitchen

compared to the other two rooms, because ozone has a higher concentration resulting

in less deposition, meaning more OH is made through the resultant chemistry.

Chapter 4 also showed that the highest concentrations of short and long chained alde-

hydes were found in the kitchen (6.7 ppb), compared to the bedroom (5.8 ppb) and the

office (4.8 ppb). These aldehyde emissions were primarily from interactions following

ozone deposition, since hydrogen peroxide deposition had little impact.
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Chapter 5 analysed the impact of indoor activities, including cooking and cleaning, on

outdoor concentrations. The concept of a near-field concentration was introduced,

which enabled indoor pollutants to be tracked as they left the building envelope. A ten-

house investigation was undertaken to explore the temporal and spatial variability of in-

door concentrations in houses with varying lifestyle routines. The ten-house analysis also

enabled an investigation into how near-field concentrations can accumulate on a street

at different times of the day. Near-field propane and isobutane were good indicators for

cooking, whereas, chloroform was a good indicator for bleach cleaning. Along a 140 m

street, maximum downwind near-field concentrations of propane increased by 619% at 3

pm: outdoor concentrations were highest adjacent to the houses with the highest air ex-

change rates. Maximum downwind near-field concentrations of chloroform increased by

754% at 8 am. The emissions released from these houses were scaled up and compared to

overall UK VOC emissions. It was found that cooking contributed approximately 0.69%

of the total yearly NMVOCs emitted in the UK (5403 tonnes) and cleaning contributed

0.16% (1229 tonnes). The emissions from cooking and cleaning was determined to be

29% of NMVOC emissions released from traffic in the UK.

In Chapter 6, absorption cross sections and quantum yields have been combined with

newly determined irradiance fluxes, to determine 45 photolysis rates between the wave-

length range of 200 and 300 nm. A new photolysis coefficient, J9, has also been imple-

mented into the model to account for the photodissociation of O2 (Yoshino et al., 1992)

between 200 and 242 nm.

Light with a wavelength between 220 and 230 nm had the most significant effect on key

indoor gas-phase species’ concentrations. Indoor ozone concentrations rose from 1.0

ppb to 27.2 ppb within 45 minutes of the UV225 light being switched on. This increase

in ozone subsequently led to elevated OH, HO2 and RO2 concentrations from the resul-

tant chemistry. The increase in ozone was primarily caused by the photolysis of oxygen

forming ground state oxygen atoms, leading to the formation of ozone. Light between

the wavelengths of between 210 and 220 nm also affected indoor ozone radical concen-

trations, elevating ozone and OH to a maximum of 11.3 ppb and 8.8 x 104 molecule cm−3
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respectively. UVC lighting in the wavelength ranges of between 200 to 210 nm and 230

to 240 nm had an observable effect on indoor gas-phase concentrations, but lighting be-

tween 240 and 300 nm had little to no effect on these species’ concentrations.

7.3 Current and Future Implications of Indoor Air Pollu-

tion

Bekö et al. (2020) described potential topics for future indoor air chemistry research, in-

cluding better understanding of the impacts of chemical transformations, building en-

vironments (materials and in-home behaviour), building occupants, microbial activity,

particles, source apportionment and modelling (Bekö et al., 2020). These topics will in-

crease in importance as ambient pollution continues to improve with electrification of

the vehicle fleet (Grange et al., 2020). Climate change is also expected to increase ambi-

ent ozone concentrations even further (Moghani and Archer, 2020), but the impacts on

indoor air quality are still unclear.

A new framework, led by a European COST Action Network project, INDAIRPOLLNET,

has been created in order to provide instructions and share a blueprint for the future

analysis of chemistry in indoor environments, both experimentally and through mod-

elling (Carslaw et al., 2024). The INDAIRPOLLNET network suggested five key future re-

search areas to consider for better understanding indoor air chemistry:

• Reactivity in Indoor Environments

• Mapping of Organic Indoor Constituents

• The Role of Occupancy Indoors

• Indoor Modelling

• Novel Indoor Technologies and Materials
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Key sources of reactivity indoors include outdoor air (where ozone and PM2.5 ingress in-

doors), cooking, cleaning and people (Weschler and Carslaw, 2018). This thesis has evalu-

ated each of these sources and provided predicted concentrations of radical species from

simulations. As environmental conditions change over time, there needs to be a better

understanding of the subsequent impacts on indoor air quality, to facilitate appropriate

mitigation policies.

Organic constituents indoors are key to indoor chemistry. Understanding which VOCs

derive from different sources is key to limiting exposure. This thesis has begun to differ-

entiate VOCs between sources originating from indoors and outdoors via the inclusion of

near-field concentrations. This has been followed up by the calculation of yearly NMVOC

emissions from UK households, which can lead into a potential indoor emissions inven-

tory detailing VOCs which originate from various sources (Carslaw et al., 2024). These

VOCs from household activities can then be tracked to analyse how they may react and

degrade indoors and outdoors.

Current implications for indoor modelling include how we best represent the variety

of different factors that affect indoor air pollutant concentrations. For example, air ex-

change, relative humidity, temperature, photolysis and outdoor concentrations are all

key parameters to consider in indoor models (Carslaw et al., 2024). As discussed in Chap-

ter 2, MOCCIE has set the tone for future indoor modelling collaboration and develop-

ment (Shiraiwa et al., 2019). This thesis has contributed to the addition of more rele-

vant outdoor concentrations, which have been collated from sources globally and imple-

mented into INCHEM-Py. Kinetic data is also required to further reduce uncertainty of

indoor air models, particularly for reactions with unknown rate coefficients. We can also

learn from outdoor air modelling (Carslaw et al., 2024), which can provide methodology

to implement to understand the impact of indoor activities, such as dispersion in the

near-field of buildings (McHugh et al., 1997).

Recent technological advancement has led to new electrical devices, furnishings, sur-

faces and consumer products in our homes (Beel, 2023), all of which can release VOCs

(Van Tran et al., 2020). Surfaces and furnishings are a key source of indoor pollution
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and reactivity (Ault et al., 2020). Some common indoor materials have been categorically

added into INCHEM-Py in this thesis, with a focus on simulating oxidant deposition. This

now enables users to simulate chosen surfaces and evaluate which would be best for con-

trolling radical concentrations indoors and determine whether surfaces are sources or

sinks of indoor air pollutants (Carslaw et al., 2024). Other novel developments include air

cleaning devices and air purifiers. This thesis has analysed potential deployment of these

UV air cleaning devices in various indoor settings to ascertain their respective impact on

indoor chemistry. It is important that as technology develops, so does our capability to

quantify whether it contributes to, or alleviates, indoor air pollution.

7.4 Proposals for Future Study

In a rapidly changing world, computational models need to stay up to date with the lat-

est parameters to ensure that they are fit for purpose and provide relevant information.

This thesis has updated INCHEM-Py with three new modules, relevant to increasingly

important areas in indoor air chemistry (surfaces, indoor-outdoor exchange and UVC

photolysis).

To further this work, experimental work needs to be carried out so that more oxidants

could be added to the surface chemistry framework. An example of this could be chlo-

rine dioxide (ClO2), which is sometimes used as an airborne disinfectant (Wang et al.,

2020b). Similarly, to hydrogen peroxide and ozone, chlorine dioxide can deposit onto

surfaces and induce gas-phase transformations producing secondary pollutants. Hub-

bard et al. (2009) found that ozone deposition was much faster than chlorine dioxide

deposition onto common household surfaces, however, chlorine dioxide has a faster de-

position velocity for a particle board and a ceiling tile. Despite this, there is a lack of

literature focusing on chlorine dioxide deposition, and yields of resultant secondary pol-

lutant formation. Other oxidants used for disinfection whose deposition need to be more

fully considered include formaldehyde, acetaldehyde and hypochlorous acid (HOCl).

We are also lacking information on the deposition velocities of indoor pollutants. Cur-
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rently, deposition velocities are estimated for most indoor species. Surface chemistry is

a key element of indoor chemistry, so more research is needed to understand how differ-

ent species deposit onto, and interact with, selected surfaces and how this deposition, or

respective off-gassing, affects indoor air quality.

A requirement for more data from laboratory studies is also needed to further our under-

standing of indoor chemistry. For example, most of the rate coefficients in the MCM are

currently estimated based on a defined protocol (Jenkin et al., 1997) and not laboratory

experiments. It is important to be able to categorise rate coefficients for key reactions

indoors, including the ozonolysis of terpenes, reactions of VOCs with OH and the reac-

tion of secondary pollutants with oxidants. Defining kinetic data for reactions that drive

indoor chemistry is important for models to be able to more accurately predict concen-

trations of indoor species.

With the recent popularity of air cleaning devices, more experimental studies need to be

performed. We need to be able to monitor the concentrations of radicals and VOCs in-

doors, and especially ozone produced from these devices. With the need for a cleaner,

healthier environment becoming more apparent, these devices need to be thoroughly

tested in order to be safe for not only indoor air quality but also human health. Under-

standing how these air cleaners generate pollutants indoors and within different build-

ings and rooms, is important for computational models to be able to predict how they

affect indoor air quality.

In the future, a Monte Carlo analysis could be carried out on the housing analysis from

the indoor-outdoor exchange research performed in Chapter 5. An analysis with 1000

houses with varying input parameters could be illustrative, including: if/when people

cook or clean during the day, occupancy, air change rates, materials and respective sur-

face area-to-volume ratio, temperature, relative humidity, light typing, whether an air

cleaner is used or not, distance between houses and other building parameters (Baeza-

Romero et al., 2022). This type of analysis would further determine what impact those

parameters may have on ’near-field’ concentrations for certain VOCs. It would highlight

which species would have particularly high near-field concentrations at certain times of
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the day and how these species can affect neighbouring homes or even villages or com-

munities. More in-depth building parameters would also help the Monte Carlo analysis,

where surface area-to-volume ratios of rooms and furniture, building materials used in

construction and air change rate data would all be beneficial for indoor air models.

The work conducted in Chapter 5 begins to build a framework to understand what hap-

pens once these indoor VOCs leave the building envelope. Future extensions of this chap-

ter include development of a housing emissions inventory from a variety of indoor activ-

ities. This exercise would allow quantification of concentrations of VOCs at varying dis-

tances once they egress from a home (or building), to understand how house pollution at

a city-scape level may look.

A few primary VOCs are categorised for their toxicity. For example, acetaldehyde is known

to be carcinogenic and is suspected to be a mutagenic (Salthammer, 2023). Acute effects

to the human body were noticed after one hour of exposure to 795 ppb of acetaldehyde

in Canada (Health Canada, 2017). Despite not reaching these concentrations indoors,

there needs to be better links between the predicted concentrations and potential health

effects. Combining experimental and computational data can help predict toxicological

effects of poor indoor air quality (such as an intense cleaning event). This work with the

model could be linked with up-to-date sensor technology, which would identify periods

of poor indoor air quality and automatically open a window or switch on a ventilator fan

to let the outdoor air replace the poor indoor air.

There is a need for toxicological data on the effects of indoor air pollutants. Secondary

pollutants formed from oxidative reactions can potentially affect human health. It is im-

portant to be able to characterise these pollutants for their toxicity at relevant exposure

levels. Similarly, we know little about the synergistic effects of these products. Toxicolog-

ical data is also important for ambient pollutants indoors and how they affect different

human health. Some components within consumer products have already been iden-

tified as endocrine disruptors, including parabens and phthalates (Dodson et al., 2012).

The understanding of what forms these pollutants is vital to limiting exposure and liv-

ing in healthier, cleaner indoor environments. This can also relate to the introduction of
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indoor air quality regulations to prevent and limit such exposure.

In summary, this thesis has shown how modelling studies can be used to explore the

chemistry of indoor air pollution. The development of the model has enabled novel re-

search into how various types of pollutant sources can affect the concentrations of gas-

phase species in the indoor environment. This work will help to build on the importance

of indoor air chemistry and help to find ways to improve indoor air quality in the future.
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Appendix

A.1 2,5-Dimethylbenzaldehyde Reaction Scheme

The following reactions give the reaction scheme for the degradation of 2,5-

dimethylbenzaldehyde (denoted as TM125BCHO). The term on the left represents the

rate coefficient (cm3 molecule−1 s−1). The reactants and products of each reaction are

given respectively below in Table A.1. All species are given as MCM names as input into

the additional model schemes. For those species not located in the MCM, a custom name

is given.

Table A.1: The 17 reactions involved in the degradation of 2,5-dimethylbenzaldehyde.

Rate Coefficient Reactants Products

J19 TM125BCHO PXY1O2+HO2+CO

KNO3AL TM125BCHO+NO3 TM125BCO3+HNO3

2.76 x 10−11 TM125BCHO+OH TM125BCO3

J18 TM125BCHO TM125BCO3+HO2

KAPHO2*0.44 TM125BCO3+HO2 PXY1O2+OH

KAPHO2*0.15 TM125BCO3+HO2 TM125BCO2H+O3

1.00 x 10−11*0.30*RO2 TM125BCO3 TM125BCO2H

continued on next page
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Rate Coefficient Reactants Products

KAPHO2*0.41 TM125BCO3+HO2 TM125BCO3H

KAPNO TM125BCO3+NO PXY1O2+NO2

KFPAN TM125BCO3+NO2 TM125BPAN

KRO2NO3*1.74 TM125BCO3+NO3 PXY1O2+NO2

1.00 x 10−11*0.70*RO2 TMB125BCO3 PXY1O2

7.92 x 10−13 TM125BCO2H+OH PXY1O2

3.86 x 10−12 TM125BCO3H+OH TM125BCO3

J41 TM125BCO3H PXY1O2+OH

KBPAN TM125BPAN TM125BCO3+NO2

1.06 x 10−12 TM125BPAN+OH PXY1OOH+CO+NO2
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A.2 2-Nonenal Reaction Scheme

The following reactions give the reaction scheme for the degradation of 2-nonenal (de-

noted as TNON2ENECHO). The term on the left represents the rate coefficient (cm3

molecule−1 s−1). The reactants and products of each reaction are given respectively be-

low in Table A.2. All species are given as MCM names as input into the additional model

schemes. For those species not located in the MCM, a custom name is given.

Table A.2: The 138 reactions involved in the degradation of 2-nonenal.

Rate Coefficient Reactants Products

J18*1.44 TNON2ENECHO C6H13CHO+CO+CO+HO2+HO2

0.5*43.5 x 10−12 TNON2ENECHO+OH C8DBCO3

0.25*43.5 x 10−12 TNON2ENECHO+OH C6CO2COHCHO

0.25*43.5 x 10−12 TNON2ENECHO+OH C6COHCO2CHO

2.05 x 10−18*0.5 TNON2ENECHO+O3 C6H13CHO+GLYOOBEX

2.05 x 10−18*0.5 TNON2ENECHO+O3 C7H14OOBEX+GLYOX

6.0 x 10−15*0.65 TNON2ENECHO+NO3 C8DBCO3+HNO3

6.0 x 10−15*0.175 TNON2ENECHO+NO3 C6CO2CNO3CHO

6.0 x 10−15*0.175 TNON2ENECHO+NO3 C6CNO3CO2CHO

KAPHO2*0.15 C8DBCO3+HO2 C8DBCOOH+O3

KAPHO2*0.44 C8DBCO3+HO2 C6H13CHO+HO2+CO+OH

KAPHO2*0.41 C8DBCO3+HO2 C8DBCOHO2

KFPAN C8DBCO3+NO2 C8DBPAN

KAPNO C8DBCO3+NO C6H13CHO+HO2+CO+NO2

KRO2NO3*1.74 C8DBCO3+NO3 C6H13CHO+HO2+CO+NO2

1.00 x 10−11*RO2*0.7 C8DBCO3 C6H13CHO+HO2+CO

1.00 x 10−11*RO2*0.3 C8DBCO3 C8DBCOOH

6.48 x 10−11 C8DBCOOH+OH C6H13CHO+HO2+CO

continued on next page
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Rate Coefficient Reactants Products

1.97 x 10−11 C8DBCOHO2+OH C8DBCO3

J41 C8DBCOHO2 C6H13CHO+HO2+CO+OH

1.65 x 10−11 C8DBPAN+OH C6H13CHO+CO+CO+NO2

KBPAN C8DBPAN C8DBCO3+NO2

KRO2NO*0.957 C6CO2COHCHO+NO C6CHOCOHCHO+NO2

KRO2NO*0.043 C6CO2COHCHO+NO C6CNO3COHCHO

KRO2NO3 C6CO2COHCHO+NO3 C6CHOCOHCHO+NO2

KRO2HO2*0.625 C6CO2COHCHO+HO2 C6CHO2COHCHO

8.80 x 10−13*RO2*0.60 C6CO2COHCHO C6CHOCOHCHO

8.80 x 10−13*RO2*0.20 C6CO2COHCHO C6COHCOHCHO

8.80 x 10−13*RO2*0.20 C6CO2COHCHO C6COCOHCHO

KDEC C6CHOCOHCHO C6H13CHO+GLYOX+HO2

J41 C6CHO2COHCHO C6CHOCOHCHO+OH

J17 C6CHO2COHCHO C6CHOCOHCHO+OH

9.53 x 10−11 C6CHO2COHCHO+OH C6COCOHCHO+OH

4.55 x 10−11 C6CNO3COHCHO+OH C6COCOHCHO+NO2

J17 C6COCOHCHO C6CNO3CHO+HO2+CO

KNO3AL*2.4 C6CNO3CHO+NO3 C6CNO3CO3+HNO3

3.55 x 10−12 C6CNO3CHO+OH C6CHOCHO+NO2

J56*10 C6CNO3CHO C6CNO3CO3

KDEC C6CHOCHO C6H13CHO+HO2+CO

KAPHO2*0.44 C6CNO3CO3+HO2 C6H13CHO+NO2+OH

KAPHO2*0.15 C6CNO3CO3+HO2 C6CNO3COOH+O3

KAPHO2*0.41 C6CNO3CO3+HO2 C6CNO3CO3H

KAPNO C6CNO3CO3+NO C6H13CHO+NO2+NO2

KFPAN C6CNO3CO3+NO2 C6CNO3CONO3

KRO2NO3*1.74 C6CNO3CO3+NO3 C6H13CHO+NO2

continued on next page
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Rate Coefficient Reactants Products

1.00 x 10−11*0.7*RO2 C6CNO3CO3 C6H13CHO+NO2+NO2

1.00 x 10−11*0.3*RO2 C6CNO3CO3 C6CNO3COOH

3.14 x 10−13 C6CNO3COOH+OH C6H13CHO+NO2

3.77 x 10−12 C6CNO3CO3H+OH C6CNO3CO3

J41 C6CNO3CO3H C6H13CHO+NO2+OH

KBPAN C6CNO3CONO3 C6CNO3CO3+NO2

1.43 x 10−13 C6CNO3CONO3+OH C6H13CHO+CO+NO2+NO2

7.01 x 10−11 C6COHCOHCHO+OH C6COCOHCHO+HO2

J17 C6COHCOHCHO C6COHCHO+CO+HO2+HO2

J15 C6COCOHCHO C6COCHO+CO+HO2+HO2

KNO3AL*4.0 C6COCOHCHO+NO3 C6COCOHCO3+HNO3

2.45 x 10−11 C6COCOHCHO+OH C6COCOHCO3

KAPHO2*0.56 C6COCOHCO3+HO2 C6COCOHCO3H

KAPHO2*0.44 C6COCOHCO3+HO2 C6COCHO+HO2+OH

KAPNO C6COCOHCO3+NO C6COCHO+HO2+NO2

1.00 x 10−11*RO2 C6COCOHCO3 C6COCHO+HO2

KRO2NO3*1.74 C6COCOHCO3+NO3 C6COCHO+HO2+NO2

KFPAN C6COCOHCO3+NO2 C6COCOHCOCONO3

KFPAN C6COCOHCOCONO3 C6COCOHCO3+NO2

3.74 x 10−12 C6COCOHCOCONO3+OH C6COCHO+NO2+CO

J34 C6COCHO C6H13CO3+HO2+CO

KNO3AL*2.4 C6COCHO+NO3 C6H13CO3+HNO3+CO

1.9 x 10−12*exp(575/temp) C6COCHO+OH C6H13CO3+CO

J22 C6COCOHCO3H C6H13CO3+HCOCO3H+HO2

7.34 x 10−12 C6COCOHCO3H+OH C6COCOHCO3

J41 C6COCOHCO3H C6COCHO+HO2+HO

KNO3AL*2.4 C6COHCHO+NO3 C7OHCO3+HNO3

continued on next page
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Rate Coefficient Reactants Products

J17 C6COHCHO C6H13CHO+CO+HO2+HO2

1.7 x 10−11 C6COHCHO+OH C7OHCO3

KAPHO2*0.44 C7OHCO3+HO2 C6H13CHO+OH+HO2

KAPNO C7OHCO3+NO C6H13CHO+NO2+HO2

KRO2NO3*1.74 C7OHCO3+NO3 C6H13CHO+NO2+HO2

1.00 x 10−11*RO2 C7OHCO3 C6H13CHO+HO2

KFPAN C7OHCO3+NO2 C7OHCO3NO2

KAPHO2*0.56 C7OHCO3+HO2 C7OHCO2OH

KBPAN C7OHCO3NO2 C7OHCO3+NO2

2.34 x 10−12 C7OHCO3NO2+OH C6H13CHO+CO+NO2

J41 C7OHCO2OH C6H13CHO+OH+HO2

9.34 x 10−12 C7OHCO2OH+OH C7OHCO3

KDEC*0.18 C7H14OOBEX C7H14OO

KDEC*0.57 C7H14OOBEX HEXAO2+CO+OH

KDEC*0.125 C7H14OOBEX NC6H14

KDEC*0.125 C7H14OOBEX HEXAO2+HO2

6.00 x 10−18*H2O C7H14OO C6H13CHO+H2O2

1.00 x 10−17*H2O C7H14OO C6H13CO2H

7.00 x 10−14 C7H14OO+SO2 C6H13CHO+SO3

1.00 x 10−15 C7H14OO+NO2 C6H13CHO+NO3

1.00 x 10−14 C7H14OO+NO C6H13CHO+NO2

1.20 x 10−15 C7H14OO+CO C6H13CHO

KRO2HO2*0.625 C6CO2CNO3CHO+HO2 C7O2HCCHONO3

8.80 x 10−13*RO2*0.6 C6CO2CNO3CHO C7HOCCHONO3

8.80 x 10−13*RO2*0.2 C6CO2CNO3CHO C7OCCHONO3

KRO2NO3 C6CO2CNO3CHO+NO3 C7HOCCHONO3+NO2

KRO2NO C6CO2CNO3CHO+NO C7HOCCHONO3+NO2

continued on next page
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Rate Coefficient Reactants Products

8.80 x 10−13*RO2*0.2 C6CO2CNO3CHO C7OHCCHONO3

KDEC C7HOCCHONO3 C6H13CHO+GLYOX+NO2

KNO3AL*4.0 C7OHCCHONO3+NO3 C6CO2CNO3CHO+HNO3

3.45 x 10−12 C7OHCCHONO3+OH C6CO2CNO3CHO

J17 C7OHCCHONO3 C7HOCCHONO3+OH

J41 C7OHCCHONO3 C7HOCCHONO3+OH

KNO3AL*4.0 C7O2HCCHONO3+NO3 C6CO2CNO3CHO+HNO3

3.45 x 10−12 C7O2HCCHONO3+OH C6CO2CNO3CHO

J17 C7O2HCCHONO3 C7HOCCHONO3+OH

J41 C7O2HCCHONO3 C7HOCCHONO3+OH

KNO3AL*4.0 C7OCCHONO3+NO3 C6CO2CNO3CHO+HNO3

4.27 x 10−12 C7OCCHONO3+OH C6CO2CNO3CHO

J34 C7OCCHONO3 C6CO2CNO3CHO+CO+HO2

J55 C7OCCHONO3 C7OCOCHO+NO2

KDEC*0.5 C7OCOCHO C6H13CO3+GLYOX

KDEC*0.5 C7OCOCHO C6COCHO+CO+HO2

KRO2HO2*0.625 C6CNO3CO2CHO+HO2 C7NO3CO2HCHO

8.80 x 10−13*RO2*0.2 C6CNO3CO2CHO C6CNO3COHCHO

8.80 x 10−13*RO2*0.6 C6CNO3CO2CHO C7NO3COCHO

8.80 x 10−13*RO2*0.2 C6CNO3CO2CHO C7OCCHONO3

KRO2NO3 C6CNO3CO2CHO+NO3 C7NO3COCHO+NO2

KRO2NO C6CNO3CO2CHO+NO C7NO3COCHO+NO2

KDEC C7NO3COCHO C6H13CHO+GLYOX+NO2

KNO3AL*4.0 C7NO3CO2HCHO+NO3 C6H13CHO+GLYOX+HNO3+NO2+OH

2.74 x 10−11 C7NO3CO2HCHO+OH C6CNO3CO2CHO

J17 C7NO3CO2HCHO C7HOCCHONO3+OH

J41 C7NO3CO2HCHO C7HOCCHONO3+OH

continued on next page
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Rate Coefficient Reactants Products

KRO2HO2*0.625 C6COHCO2CHO+HO2 C7OHCO2HCHO

KRO2NO C6COHCO2CHO+NO C7OHCHOCHO+NO2

KRO2NO3 C6COHCO2CHO+NO3 C7OHCHOCHO+NO2

0.2*8.8 x 10−13*RO2 C6COHCO2CHO C6COHCOHCHO

0.2*8.8 x 10−13*RO2 C6COHCO2CHO C7OHCOCHO

0.6*8.8 x 10−13*RO2 C6COHCO2CHO C7OHCHOCHO

J34 C7OHCOCHO C6COHCO2CHO+CO+HO2

5.29 x 10−11 C6COHCO2CHO+OH C6COHCO2CHO+CO

KDEC C7OHCHOCHO C6COHCHO+CO+HO2

J41 C7OHCO2HCHO C7OHCHOCHO+OH

J17 C7OHCO2HCHO C6COHCHO+CO+HO2+OH

6.35 x 10−11 C7OHCO2HCHO+OH C7OHCOCHO+OH
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A.3 Near-Field Species

Table A.3: The near-field species (C i,nf) included in INCHEM-Py.

Species

Formaldehyde Acetaldehyde Propanal

3-Methylbutanal Acrolein Methacrolein

Crotonaldehyde Pentanal Hexanal

Heptanal Octanal Nonanal

Decanal 2-Nonenal Acetone

2-Butanone (MEK) 3-Buten-2-one (MVK) Cyclohexanone

Benzaldehyde o-Tolualdehyde m-Tolualdehyde

p-Tolualdehyde 2,5-Dimethylbenzaldehyde Benzene

Toluene p-Xylene m-Xylene

o-Xylene Ethylbenzene Propylbenzene

2-Ethyltoluene 3-Ethyltoluene 4-Ethyltoluene

1,3,5-Trimethylbenzene 1,2,4-Trimethylbenzene 1,2,3-Trimethylbenzene

p-Dichlorobenzene Styrene Cumene

Phenol Ethane Propane

Butane Isobutane 2,2-Dimethylbutane

2,3-Dimethylbutane Pentane 2-Methylpentane

3-Methylpentane Isopentane Hexane

2-Methylhexane 3-Methylhexane Heptane

Octane Nonane Decane

Undecane Dodecane Cyclohexane

Ethene Propene 1-Butene

cis-2-Butene trans-2-Butene 2-Methyl-1-butene

2-Methyl-2-butene Isoprene 1,3-Butadiene

trans-2-Pentene cis-2-Pentene Ethyne

continued on next page
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Species

Methanol Ethanol Isopropanol

1-Propanol 1-Butanol 1-Pentanol

1-Hexanol 2-Butoxyethanol Linalool

Chloroform Methylchloroform Dichloromethane

Trichloroethylene Tetrachloroethylene 1,2-Dichloroethane

Hydrogen Chloride Chloromethane α-Pinene

β-Pinene Limonene ∆3-Carene

Camphene Formic Acid Acetic Acid

Propanoic Acid Butanoic Acid Pentanoic Acid

Heptanoic Acid Hydrogen Peroxide β-Caryophyllene

Methane (CH4) Carbon Monoxide (CO) Sulfur Dioxide (SO2)

Nitric Acid (HNO3) Peroxyacetyl Nitrates (PAN) -
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