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Abstract 

Although people in developed countries spend ~90% of their time indoors, indoor air quality 

has received little attention to date. The sparsity of measurements indoors, means that models 

are currently the best tool to provide insight into indoor air chemistry. This thesis examines 

the surface interactions indoors using a detailed chemical model, focusing on pollutant 

formation following ozone deposition on different indoor surfaces as well as from occupants.  

The results from a simulated apartment show that ~80% of ozone indoors is deposited 

to surfaces, whereby subsequent interactions produce emissions of mainly oxygenated 

species (8-16 ppb) that were highest when ozone concentrations were enhanced outdoors. 

Replacing traditional furnishing materials with ‘green’ alternatives produced aldehyde 

concentrations that were 3 times lower. 

Skin and breath emissions are also shown to impact indoor air quality depending on 

ventilation, volume and occupancy. The impact of breath emissions increases with decreasing 

ventilation rate, whereas that from skin emissions does the opposite. Human emissions are 

important in small areas (e.g. bedrooms) or high occupancy locations (such as classrooms). 

For instance, such emissions were 4-10 times higher in a bedroom compared to the whole 

apartment.  

Experimental and modelling results in this dissertation show that there is significant 

variation in the concentrations of some pollutants following oxidation of different terpene 

mixtures. There is a potential for improving consumer product formulations using less 

reactive mixtures, resulting in less exposure to potentially harmful secondary products. 

This study provides a valuable contribution to the understanding of indoor air 

chemistry. Ozone-derived surface emissions from materials and people, and also occupant 

activity indoors can impact chemical processing, through enhanced formation of secondary 

pollutants and decreased levels of oxidants. Consequently, there is a need for indoor air 

quality guidelines and policy regulation development.  
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1. Introduction 

 

1.1 General introduction 

1.1.1 Indoor air quality 

Since the 1970s, increasing attention has been paid to indoor air quality (Wolkoff et al., 2000; 

2013). For decades the biggest focus was on outdoor air pollution, with relatively little for  

the indoor environment. The impact of higher energy costs following the oil crisis in  

the 1970s resulted in tighter building envelopes with reduced ventilation rates. New and 

retrofitted buildings had better insulation (e.g. double glazing, cavity wall and loft insulation), 

leading to better energy efficiency, but often poorer indoor air quality (Dimitroulopoulou, 

2012). Over the same period, we have become a much more consumer driven society, driven 

to buy new things more frequently than previous generations. This increased consumerism 

can be a problem, because there are typically higher emissions of chemicals from new 

materials compared to older ones. For instance, VOC (Volatile Organic Compound) 

concentrations that were 1-2 orders of magnitude higher were noticed in newly installed 

buildings compared to older ones and these persisted for several weeks to months (Brown, 

2002; Hodgson et al., 2002). Finally, we have become much more conscious of hygiene and 

clean ourselves, our homes and offices far more frequently than in the past. Coupled with 

these changes over the last 50 years, we also spend much more time indoors. It has been 

estimated that in developed countries, we spend approximately 90% of our time inside (i.e.  

at home, in the work place or commuting) and consequently most of our exposure to air 

pollution occurs indoors (Carslaw, 2007). To summarise, we are spending more time indoors 

in buildings that are more airtight than they used to be and with a much higher range of 

indoor chemical emissions. 

Over the same time period, increased health effects have been reported for some 

building occupants (Ashmore and Dimitroulopoulou, 2009; Wolkoff, 2013). Indoor air 

pollutants have been reported to cause a range of adverse health effects such as skin and eye 

irritation, upper airway irritation, and even carcinogenic and mutagenic effects (Uhde and 

Salthammer, 2007; Wolkoff, 2013). The irritation effects are sometimes collectively referred 

to as ‘sick building syndrome’ (SBS) (Jurvelin et al., 2011). Such a phenomenon is defined 

when a building’s occupants repeatedly suffer and complain about such health symptoms 

(Horvath, 1997). Notably, the symptoms improve or completely disappear when they leave 
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the building. The symptoms of SBS are usually reported in offices, but also in schools and 

homes: they are more common in modern energy-efficient buildings (Jones, 1999). Very 

often it is impossible to define the specific aspect responsible for health complaints (Lahtinen 

et al., 1998). The most frequently reported symptoms are headaches, tiredness and eye and 

upper airway irritation (Wolkoff et al., 2006; Wolkoff, 2013). Several studies (i.e. Berglund 

et al. 1992; Dimitroulopoulou, 2012; Tham, 2016) suggested that longer-term health 

symptoms such as allergy, asthma, skin irritation or immune system disease may be also 

associated with indoor air pollution.  

Several guidelines for the indoor environment exist, such as from the World Health 

Organisation (WHO, 2010) and Scientific Committee on Health and Environmental Risk 

(SCHER, 2007) which provides limit values for indoor compounds or general 

recommendation on indoor air quality that can affect human health and can be used for 

toxicological risk assessment. For instance, a WHO guideline value for formaldehyde, which 

is recognised as a carcinogenic compound, is specified as a maximum concentration of 80 

ppb for a 30 minute exposure. However, the INDEX (indoor exposure limits) report of the 

European Union gives a NOAEL (the no-observed-adverse-effect-level) value for 

formaldehyde of 30 µg m
-3

 (24 ppb).  

Indoor air quality is recognised as a multi-disciplinary phenomenon and can be 

affected by many physical (e.g. lighting, heating), biological (e.g. mould and spores), 

chemical (e.g. emissions from personal care and cleaning products, furnishings and building 

materials) and building (location, ventilation regime, building operation) parameters (Tham, 

2016).  Such complexity often makes indoor air quality challenging to understand. Ideally, it 

would be valuable to measure the concentration of pollutants indoors and the personal 

exposure of indoor occupants to such pollutants.  However, given the fact that indoor air 

often contains a complex mixture of pollutants, it is difficult to identify the many different 

components and even more challenging to quantify their concentrations analytically (Terry et 

al., 2014).  

 

1.1.2 Sources of indoor air pollution 

There are many different sources of indoor air pollution. Indoor air pollutants are generated 

through activities such as cooking, cleaning and smoking, as well as emitted from building 

materials like painted walls, ceilings and wood, and furnishing (Carslaw et al., 2012). For 

instance, the German Committee for Health Related Evaluation of Building Products (AgBB) 
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specified more than 150 compounds that can be distinguished from emissions from building 

products (Schripp et al., 2014). Consumer products such as cleaning agents, air fresheners 

and personal care products contain terpene species, such as limonene or α-pinene, frequently 

derived from plant oils with characteristic pleasant aromas (Singer et al., 2006). Along with 

that, the emissions of VOCs, semi-VOCs (SVOCs) or particular matter (PM) from building 

materials or indoor activities can increase the pollutant concentrations indoors and negatively 

impact indoor air quality (Trantallidi et al., 2015). As well as indoor emissions, indoor air 

pollutants can ingress from outdoors through open windows and doors as well as through 

cracks in the building fabric (Figure 1). Therefore, indoor environments often contain higher 

concentrations of air pollutants than outdoors (Brown, 2002; Wolkoff et al., 2013). 

 

 

Figure 1: Sources of indoor air pollution (Source: Below Zero Heating and Air Conditioning, 2017). 

 

It is generally accepted through measurements that there is a strong relationship 

between outdoor and indoor air pollutant concentrations (Blondeau et al., 2005). Outdoor 

ozone concentrations are highest downwind of highly polluted, densely populated areas with 

abundant sunshine. Given that the main source of ozone (O3) indoors is from outdoors, O3 

concentrations indoors increase as outdoor concentrations increase (Weschler, 2000). It is 

estimated that 20-70% of ozone outdoors infiltrates indoors (Weschler and Shields, 1996; 
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Weschler, 2000). The typical indoor/outdoor ratio, calculated as the indoor concentration of 

ozone divided by the outdoor one, is in the range of 0.2 to 0.7 according to a review by 

Weschler (2000). This is because once indoors, ozone is lost rapidly on indoor surfaces 

through deposition, a key theme throughout this dissertation. 

Once indoors, we also know that ozone is able to initiate indoor air chemistry. For 

instance, ozone-initiated reactions with other pollutants indoors (such as terpenes or 

aldehydes), both in the gas-phase as well as with the surface of indoor materials, contribute to 

the formation of secondary pollutants, which might be harmful to health (Wolkoff et al., 

2006; Weschler, 2011; Wolkoff, 2013). There is a wealth of evidence for such interactions. 

For instance, Apte et al. (2008) found a correlation between the ambient ozone concentration 

and the indoor concentrations of some aldehydes, which suggests that ozone rich air was 

entering the building where measurements took place and undergoing chemical reactions 

which produced aldehydes (as discussed in Chapters 4 and 5). Therefore, it is important to 

know outdoor concentrations for a particular location. As well as ambient ozone 

concentrations, it is also important to know those of nitrogen oxides (NOX) and VOCs. With 

some knowledge of the ventilation rate of the building, it is then possible to estimate how 

much of this ambient pollution can make its way into a building. This enables  

an investigation of the importance of indoor versus outdoor sources of pollution indoors. 

Clearly, an identical residential building with the same indoor activities could experience 

very different indoor air concentrations depending on its location (Carslaw et al., 2015).  

The chemistry that occurs indoors can be summarised using the schematic in Figure 2. 
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Figure 2: Chemical pathways of the pollutants formation indoors. ROOH denotes organic 

hydroperoxide, RO2 peroxy radical, RO oxy radical, RCHO aldehyde, H2O2 hydrogen peroxide. 

 

As seen in Figure 2, the chemistry indoors is initiated by ozone, which can react with 

terpenes. Given that terpenes are frequently used in consumer and personal care products, 

their indoor concentrations are often higher than those outdoors, particularly following indoor 

activities such as cleaning (Singer et al., 2006). Terpene-ozone reactions form a range of 

secondary products, including carbonyl compounds such as aldehydes, ketones, acids 

(Hodgson et al., 2002; Morrison, 2015), secondary organic aerosols (SOA) (Waring and 

Siegel, 2013), and radical species, including the hydroxyl (OH) radical, the hydroperoxy 

radical (HO2) and organic peroxy radicals (RO2). These species then participate in further 

reactions, some of which regenerate radicals and effectively catalyse further oxidation 

reactions. 

Ventilation of buildings is key to preventing poor indoor air quality where indoor 

sources of pollution dominate. Ventilation is described as ‘fresh air’ introduced and 

circulated through the building (Dimitroulopoulou, 2012). Lower ventilation rates can 

increase the potential for poorer indoor air quality and higher concentrations of indoor air 

pollutants (Uhde and Salthammer, 2007). In addition, research has shown that lower 

ventilation rates can be associated with adverse health effects (Wargocki et al., 2000; Sundell 

et al., 2011). There is also evidence for a relationship between ventilation and comfort of the 
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indoor occupants as well as their work performance. For instance, in schools, inadequate 

ventilation has been associated with low performance of pupils (Seppanen et al. 2006; 

Shaughnessy et al., 2006). For instance, Bakó-Biró et al. (2012) studied the performance of 

children in a classroom. The results show that performance tasks were achieved significantly 

faster at higher ventilation rate conditions. On the other hand, a higher infiltration rate of air 

to the building may lead to energy waste and higher operational costs. Clearly, it is important 

to balance the ventilation requirements, energy usage and indoor air quality.  

As well as pollutants that are directly emitted indoors and those that make their way 

indoors from outdoors, a third class of pollutants is formed indoors through chemical 

reactions indoors, including on surfaces. Such interactions often involve deposition of ozone, 

a surface reaction and then an emission of a VOC, commonly containing the carbonyl 

functional group (C=O). For instance, Weschler et al. (1992) found that with the presence of 

ozone in a freshly carpeted chamber, the gas-phase concentration of the total VOCs decreased 

whilst the concentration of aldehydes formed as secondary products increased. The primary 

emissions of VOCs that are emitted directly or evaporated from indoor materials and surfaces 

are non-bound, low weight compounds (Wolkoff, 1999). These emissions influence indoor 

air quality particularly during the initial period following installation. Over longer periods 

however, the secondary emissions following surface interactions become more important, as 

ozone uptake and consequent surface processing to produce secondary pollutants can 

continue for several years (Wang and Morrison, 2006).  

A key focus is therefore to produce healthier building products. It has been recognised 

for many years that low emitting materials that are certified as such would be better for 

indoor use (Wolkoff and Nielsen, 2001). Such environmentally friendly ‘green’ materials are 

gaining more attention from consumers and manufacturers and are being suggested as 

alternative solutions for indoor air quality improvements (Cheng et al., 2015). Therefore, it is 

necessary to compare the impact on indoor air quality of emissions from green materials with 

those from conventional ones and this is investigated in Chapter 4.  

There is evidence that the presence of human occupants indoors is highly correlated 

with ozone loss and enhanced secondary pollutant formation. Weschler et al. (2007) 

demonstrated that human skin and clothing materials are a major sink of ozone. Hence, 

Weschler and co-authors (2007) verified the presence of nonanal, decanal, acetone, 4-OPA, 

6-MHO and geranyl acetone as the main products following the ozonolysis reaction of skin 

oils. Likewise, highly occupied indoor places, such as classrooms, are associated with higher 

human-related emissions that originate from skin and breath emissions. For instance, 
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emissions from occupants contributed to 57% of the total VOCs emitted in a well ventilated 

classroom (Tang et al., 2016).  

Given the lack of measurements and challenges that exist with measuring many 

indoor air pollutants, particularly in a real building scenario, models are often used to predict 

indoor air concentrations and to provide insight into the underlying chemical processing. 

Also, models can be used to compare with existing measurement data, help to design 

experiments and provide predictions for the future. In order to represent indoor air chemistry 

in a model, Figure 4 summarises the different processes that occur indoors and hence should 

be considered in properly designed models. 

 

 

Figure 3: Physical and chemical processes that impact indoor air chemistry. 

 

As illustrated in Figure 3, a good model should include the different physical and 

chemical processes that have an impact on indoor air chemistry. Hence, the air exchange rate 

describes the exchange with outdoors. Likewise, the location of the building (and therefore 

outdoor concentrations), temperature, relative humidity and photolysis rates can impact 
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processes indoors. Using a good chemical mechanism and including different parameters and 

processes as described above, a model can then predict indoor air pollutant concentrations. 

Thus, it is possible to estimate occupant exposure to indoor air pollutants in different indoor 

environments.  

Chemical mechanisms still require many improvements in order to accurately 

represent indoor environments. As highlighted by Morrison et al. (2017) future model 

development should include improved parameters that describe surface interactions indoors, 

both in terms of deposition rates to surfaces as well as formation rates of pollutants formed 

through such surface interactions. Another area of uncertainty is the fate of terpene mixtures 

indoors, such as that which may follow cleaning. This thesis will address some of these 

current uncertainties providing improved parametrization for surface interactions and a more 

thorough consideration of the impact of terpene mixtures on indoor air chemistry. 

 

1.2 Research objectives 

The aim of this thesis is to elucidate the indoor air chemistry that arises when surface 

interactions take place indoors, with a particular view to identifying products that might be 

harmful to health. 

The specific objectives of this dissertation are: 

 

1. To identify the key chemical species that are formed when indoor surfaces interact 

with indoor air pollutants. 

 

2. To compare green building materials with conventional ones and their impact on 

indoor air chemistry. 

 

3. To identify the impacts that human skin and breath emissions have on indoor air 

chemistry. 

 

4. To evaluate the impact of different mixtures of terpenes (as a proxy for cleaning 

product formulation) on aspects of indoor air chemistry. 
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The research objectives of this study are addressed by using a detailed modelling approach. 

The model takes into consideration a real building scenario in two different cities, Milan and 

Seoul, representing average size and megacity examples respectively during typical and 

heatwave summer outdoor conditions. Also, the model is used to simulate cleaning activity 

indoors conducted in an experimental scenario. 

 

The structure of the thesis is as follows: 

Chapter 2: This Chapter provides a literature review with a focus on previous modelling 

studies of indoor air chemistry. It describes the evolution of indoor models and their scope up 

to the current study. 

 

Chapter 3: This Chapter presents the methodology used in this research, including  

the processes and parameters used in the model employed together with description of  

the experimental designs of the studies in Chapters 4-6. Also, it includes a description of  

the simulated buildings and case study locations. 

 

Chapter 4: This Chapter investigates surface processes on indoor materials and their impact 

on indoor air quality. It examines surface production following ozone deposition.  

The modelling results compare the formation of secondary pollutants following such surface 

interactions for different case study locations and for different conditions (such as varying 

ventilation rates). This chapter identifies the key chemical species that are formed when 

indoor surfaces interact with indoor air pollutants. Then, green building material emissions 

are compared to those from standard materials in terms of their impact on indoor air quality.  

 

Chapter 5: This Chapter explores the impact of human occupancy on indoor air pollution. 

Namely, it investigates ozone loss onto human bodies (skin) for different indoor 

environments including an apartment, a bedroom and a classroom and then quantifies  

the production of various secondary pollutants following these processes. As well as these 

reactions at the skin surface the Chapter focuses on the consequent impact on indoor air 

chemistry and it also investigates the impact of breath emissions on indoor quality. 
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Chapter 6: This Chapter investigates cleaning as a source of indoor air pollution following 

human activities indoors. It describes experimental work, which simulates a cleaning event. It 

compares the results of single terpene experiments with those of mixtures of terpenes.  It also 

presents some experimental results which investigated potential surface interactions on 

carpets and vinyl flooring following cleaning activities. Finally, this chapter presents the 

modelling results of a simulation of terpene mixture experiments, evaluates their impact on 

aspects of indoor air chemistry and discusses their potential relevance for modification of 

product formulation.  

 

Chapter 7: This Chapter provides the overall conclusions of the study. It also considers  

the wider implications of this research and provides recommendations for further research. 
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2. Review of indoor air quality models 

 

2.1 Introduction 

Over recent years, models for indoor air chemistry have become increasingly complex.  

The first indoor air quality models, which described only basic processes indoors, have been 

developed to include much more complex representations of the chemistry. This chapter 

provides a review of the important models that have been developed to investigate aspects of 

indoor air chemistry that are relevant for this dissertation (focusing on those that investigate 

gas-phase chemistry and/or surface interactions). 

 

2.2 Review of indoor air chemistry models 

2.2.1 Gas-phase chemistry models 

2.2.1.1 Simple chemical models 

Nazaroff and Cass (1986) proposed the first indoor air chemistry model. A mathematical 

model was proposed to estimate the concentrations of chemically reactive compounds 

indoors. A single well-mixed zone model considered photochemistry (indoor lighting and 

infiltration of light from outdoors), exchange with outdoors, deposition, emission and 

filtration. The model was used to simulate conditions in a museum gallery, where the flow 

rate between the different ‘chambers’ (rooms) within the building varied with time.  

A rather simple set of model equations considered the sum of all the possible sources 

for each pollutant (e.g. transport between the chambers, outdoor concentrations,  

the mechanical ventilation system, direct indoor emissions and products of chemical 

reactions) diminished by the loss of all considered sinks (e.g. chemical reactions, removal by 

surface processes indoors and the loss rate through transport from the chamber).  

The chemical mechanism following Falls and Seinfeld (1978), considered 31 species and 56 

reactions and is presented in Figure 4.  
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Figure 4: The list of the chemical mechanism reactions that were used in the Nazaroff and Cass 

(1986) model. 

 

The rate of change of the concentration of each pollutant was described and included 

in the model as presented in equation 1. 

 

                                                       
𝑑𝑐

𝑑𝑡
= 𝑆 − 𝐿 𝐶                                                                 (1) 
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where S is the sum of all the sources, such as emissions, transport from other chambers and 

production following chemical reactions; L describes the sum of all the sinks, such as loss by 

chemical reactions, surface loss and removal by transport; C stands for the concentration of  

a particular pollutant (molecule cm
-3

).  

The ventilation process considered the mechanical ventilation system that supplied 

and exchanged air with outside (the air exchange rate was 0.3-2.0 per hour), infiltration 

processes (air that infiltrated directly from outside) and mixing of air between the chambers. 

The air exchange rates were adopted from experimental data measured in the museum.  

The model considered both artificial indoor lighting and also, sunlight that is transmitted 

through the windows. The photolysis rate values were then calculated using a combination of 

measurements (outdoor photon fluxes) and laboratory derived data (e.g. for absorption cross-

sections, quantum yields etc.) This method was adopted for the model used in this 

dissertation and is further described in Chapter 3. 

The input values of outdoor concentrations were the hourly-averaged concentrations 

of species or groups of species such as ozone, nitrogen oxide (NO), nitrogen dioxide (NO2), 

formaldehyde (HCHO), ethylene, higher aldehydes, olefins, alkenes, aromatics, H2O2, nitrous 

acid (HONO) and nitro compounds (RNO2) measured on-site at the museum or adapted from 

other measurement studies carried out in California. Indoor concentrations of ozone, NO and 

NO2 were measured in the museum. At the time of this research, little was known about 

surface reactions indoors and it was not possible to incorporate such heterogeneous chemistry 

into the model. However, the model included irreversible surface deposition for several 

species, such as O3, NO, NO2 and HCHO and the deposition velocities were obtained from 

literature.  

The Nazaroff and Cass (1986) model was validated through comparison of the model 

results with measurements carried out in a newly constructed museum gallery in California, 

USA. The surface area of the building was 3060 m
2
 and the volume was 2530 m

3
. The model 

was parameterised with the characteristics of the museum. The comparison was conducted 

for O3, NO, NO2, nitrate (NO3), HONO, nitric acid (HNO3), dinitrogen pentoxide (N2O5), 

peroxyacyl nitrate (PAN), H2O2, HCHO and aldehydes (RCHO).  

The predicted concentrations of ozone and nitrogen dioxide were in relatively good 

agreement with the measurement values but, the concentration of NO was underpredicted in 

the model simulations compared with the measurements. The Nazaroff and Cass model was 

constructed as a general tool for studying the reactive chemistry of the indoor environment. 

The results from this first indoor air chemistry model indicated the potential importance of 
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chemical transformations in indoor air, but also contained limitations. For instance, the model 

did not include surface processes indoors. Therefore, Nazaroff and Cass (1986) suggested 

further research on both mass transport and surface-reaction kinetics was necessary. In 

particular, they suggested that deposition velocity and loss rate processes as well as surface 

interactions, the rate of chemical reactions and detailed, heterogeneous chemistry indoors 

should be studied in detail in order to better understand chemical processes in indoor 

environments. 

Weschler and Shields (1996) extended the scope of indoor air modelling. Their 

research focused on the production of hydroxyl radicals in indoor air, which previously had 

received little attention. Although, Nazaroff and Cass (1986) were first to model chemically 

reactive compounds in indoor air including reactions where the OH radical was recognised as 

a product, the research of Weschler and Shields (1996) focused more on this aspect using  

a simple mass balance model. In 1992 several studies (Paulson et al., 1992; Paulson and 

Seinfeld; 1992; Atkinson et al., 1992) reported that in the atmosphere, OH radicals were 

formed following the reactions of monoterpenes with ozone. Weschler and Shields (1996) 

examined the impact of such reactions indoors and developed a model which included the 

OH radical as a product of the reaction of alkenes with ozone. The model involved 13 

reactions that formed OH as a product (the reaction of ozone with 13 indoor VOCs, i.e.  

d-limonene, α-terpinene, α-pinene, isoprene, styrene and camphene) and 39 reactions where 

OH reacted with the 13 VOCs (and other reactants) through a circular oxidation chain. The 

13 VOCs selected for this study were those that were often found indoors and had the largest 

production rates of hydroxyl radicals. The OH sources and sinks were incorporated in a one-

compartment mass balance model, which included indoor OH, NO2, carbon monoxide (CO), 

O3 and VOC concentrations, the outdoor OH concentration, chemical reactions, but also 

parameters such as the air exchange rate, the OH indoor deposition velocity (0.0007 m s
-1

) 

and an indoor surface to volume ratio (2.8 m
-1

). The indoor concentrations of VOCs and 

reactions rate constants were obtained from the literature. The values of NOx and CO were 

based on measurements and the indoor concentration of ozone was set to 20 ppb. The OH 

production rates were calculated using the indoor concentrations of VOCs, the individual rate 

constants and the OH formation yield for each VOC, the latter two parameters from  

the literature. The concentration of OH indoors was calculated according to equation 2: 
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                                     (2) 

 

where [OHindr] is the hydroxy radical concentration indoors (ppb), [OHotdr] is the hydroxy 

radical concentration outdoors (ppb), Ex is the air exchange rate (s
-1

), yi is the yield of  

the ozone-alkene reaction, kO3 is the rate constant of the ozone-alkene reaction (ppb
-1

 s
-1

), 

[O3] is the ozone concentration indoors (ppb), [VOCi] is the VOC concentration indoors 

(ppb), kd is the OH deposition velocity indoors (m s
-1

), A/V is the surface to volume ratio  

(m
-1

), kOHi is the rate constant for OH/VOC reaction (ppb
-1

 s
-1

). 

The calculated production and loss rates for hydroxyl radical are presented in  

Figure 5. The model predicted an OH concentration indoors of 6.7 x 10
-6

 ppb (1.7 x 10
5
 

molecules cm
-3

), smaller than a typical outdoor midday OH concentration, but approximately 

four times greater than the OH night time outdoor concentration (Weschler and Shields, 

1996). For the input conditions, the reaction of d-limonene with O3 was found to have  

the fastest OH production rate, followed by α-terpinene, 2-methyl-butene and α-pinene. 

Comparing the OH production rate via VOC ozonolysis with other potential sources such as 

outdoor to indoor transport, the photolysis of ozone or the reaction between HO2 and NO,  

the production rate of OH was found to be highest from the VOC reactions with O3. The 

research showed that the most significant sinks for OH radicals were with d-limonene, NO2, 

ethanol, formaldehyde, CO and isoprene.  
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Figure 5: Calculated OH production and loss rate constants for a number of reactants and for 

different ozone concentrations (Source: Weschler and Shields, 1996). 

 



29 
 

A sensitivity analysis for this model showed that the OH production did not scale 

linearly to the ozone concentrations indoors. Even for an ozone concentration of 1 ppb, there 

is sufficient oxidation to form OH radicals at concentrations similar to that representative for 

outdoors at night time (Weschler and Shields, 1996). For the simulated concentration of OH 

(1.7 x 10
5
 molecules cm

-3
), saturated organics will be oxidised 2-5 orders of magnitude faster 

by OH than by the 20 ppb of ozone also present. Weschler and Shields (1996) suggested that 

indoor oxidation products may be more irritating to human exposure and more corrosive to 

indoor materials than the parent VOCs. Weschler and Shields (1996) made recommendations 

for further research. They highlighted the importance of experimental confirmation of their 

predictions, including indoor OH measurements. They also highlighted the need to further 

improve the representation of chemical processes indoors in models.  

 

2.2.1.2 Moderately complex chemical models 

Sarwar et al. (2002) incorporated a more detailed set of chemical reactions applicable for  

the indoor environment in their model. Their model focused on predicting OH concentrations 

indoors using a new air quality model (ICEM – Indoor chemistry and Exposure Model). It 

included enhanced representation of the production and removal of OH radicals indoors and 

was developed using a modified version of the SAPRC-99 mechanism (Carter, 2000; 2003). 

Importantly, it included updated OH radical yields representative for alkene reactions with 

ozone (Paulson et al., 1999), which were not available for previous modelling studies.  

The ICEM described the indoor setting as a single well-mixed environment with 

homogeneous chemistry and heterogeneous deposition processes. It included parameters 

describing the air exchange rate, chemical reactions, indoor emissions and internal deposition 

processes. Indoor and outdoor pollutant concentrations, as well as air exchange rates and 

deposition velocities were obtained from the experimental values found in the literature. On 

average, the indoor pollutant concentrations were higher than the outdoor values. Sarwar et 

al. (2002) noted the wide variations in VOC concentrations measured in different houses due 

to different sources such as cigarettes, use of cleaning agents or off-gassing from new 

building materials. While it is not possible to include all possible variation of indoor settings, 

Sarwar et al. (2002) used average VOC concentrations obtained from the literature to 

calculate indoor emission rates that were representative of background concentrations.  

The model included indoor emissions of 51 species (including 46 VOC compounds). This 
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study assumed that 50% of the light indoors came from outdoors and 50% from artificial 

indoor lighting. The air exchange rate used in this modelling study was 0.5 h
-1

, relative 

humidity was assumed to be 50%, and the temperature was set to 297 K. The volume of  

the building was assumed to be 500 m
3
 and surface area to be ~610 m

2
.  

The list of reactions considering OH production and consumption in the ICEM model 

are presented in Figure 6. The results of the model showed that for the base case scenario,  

the estimated OH radical concentration indoors was 1.2 x 10
5 

molecule cm
-3

. Comparing  

the ICEM model results with the previous predictions reported by Weschler and Shields 

(1996) for similar conditions, the predicted concentrations of the new model were within 0.3-

12% of the estimates of the previous study. Again, a non-linear increase of the indoor 

concentration of OH was noticed with increased outdoor ozone concentration, air exchange 

rate and indoor VOC emission rates. Nevertheless, the photolysis rates, temperature, 

deposition velocity and direct transport from outdoors to indoors had at most, a moderate 

impact on predicted indoor OH concentrations.  

 

 

Figure 6: The list of reactions producing and consuming OH radicals (Source: Sarwar et al., 2002). 
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The production of OH radicals was dominated by the reaction of VOCs with ozone 

under the assumed conditions. For instance, the reaction between d-limonene and ozone 

constituted 40% of the total OH radical production rate. The significant sinks of OH radicals 

included reactions with VOCs, deposition to indoor surfaces and transport to outdoors. Both 

isoprene and d-limonene were expected to be the main sinks for OH radicals. However, OH 

radicals were predicted to reach the highest concentration indoors when both substrates and 

products are simultaneously present indoors at relatively high concentrations. Sarwar et al. 

(2002) suggested that indoor OH may have an adverse impact on indoor air quality. Their 

results showed that reactions of ozone with limonene formed a wide range of secondary 

compounds that may be of greater concern than the parent compounds. For instance, OH 

reactions with terpenes produce oxidized products, i.e. 3-isopropenyl-6-oxoheptanal (IPOH) 

and pinonaldehyde, that contain multifunctional groups (=O, -OH and -COOH). Such 

products can cause adverse health effects including skin and eye irritation and occupational 

asthma (Nazaroff and Weschler, 2004). Also, such secondary products may contribute to  

the formation of fine particles (Wallace, 1996). Therefore further research was recommended 

to confirm the model predictions and particularly the formation of secondary pollutants 

following OH radical reactions with VOCs in real building scenarios. Sarwar et al. (2002) 

also pointed out the need for indoor air chemistry research and also verification of its impact 

on indoor air quality.  

 

2.2.1.3 Near-explicit chemical models 

Carslaw (2007) presented a new modelling approach. The detailed chemical box model 

included near-explicit chemical degradation schemes for the VOCs and inorganic species 

responsible for driving the indoor air chemistry.  The INDCM model was constructed based 

on the master chemical mechanism (MCM v3.1) (Jenkin et al., 1997, 2003; Saunders et al., 

2003). The comprehensive mechanism was modified and included 15,400 degradation 

reactions (with 2000 new reactions describing exchange with outdoors, emissions, deposition, 

surface reactions and gas-phase chemistry) and 4700 key indoor air pollutants.  

  Given that the MCM was adopted from use for outdoor atmospheric chemistry, some 

important species relevant for indoor air chemistry, such as limonene, camphene, terpinene 

and carene, were not available in the mechanism. The only two monoterpenes included in  

the mechanism at the time were α-pinene and β-pinene. The absent species were incorporated 
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in the model through consideration of the initial reactions with ozone, OH and NO3, using 

rate coefficients found in the literature for each of the species. The products from these 

preliminary oxidation reactions were then mapped onto relevant existing species using  

the α- or β-pinene mechanism as most relevant (e.g. through consideration of the similarity 

rates of reactions with OH, NO3 and O3 and OH yields following reaction of the monoterpene 

with O3). It was assumed that half of the limonene degradation products followed  

the α-pinene products and half the β-pinene products.  

The model considered a single well-mixed environment representative of a typical 

urban residence in the UK. The surface to volume ratio was 3.0 m
-1

, relative humidity 50%, 

temperature 293 K and the air exchange rate was a typical summer time value of 2.0 h
-1

 

(Carslaw, 2007). The model included irreversible deposition to surfaces, with many of  

the deposition values adopted from Sarwar et al. (2002). Photolysis included both attenuated 

sunlight through windows and the artificial lighting contribution as outlined by Nazaroff and 

Cass (1986). Carslaw (2007) highlighted the potential importance of surface chemistry and its 

likely impact on indoor air chemistry and acknowledged its treatment in this model was likely 

inadequate and that more measurements of relevant input parameters were needed.  

The predicted OH concentration indoors was up to 4.0 x 10
5
 molecule cm

-3
, a factor 

of 10-20 less than the outdoor concentrations, but still sufficient to drive the indoor air 

chemistry. In terms of radical chemistry, the focus was on OH, HO2 and RO2. The main 

initiation route for the OH and RO2 radical formation was through ozone reactions with 

terpenes. Once OH was formed, it was possible to also produce HO2 and RO2 species. 

Cycling between OH and RO2 radicals was dominated by the reaction with monoterpenes, 

and OH to HO2 transformation was largely driven by reaction with alcohols. The indoor air 

chemical processes are presented in Figure 7. 
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Figure 7: The chemical routes between radicals indoors including initiation, termination and 

propagation reactions. Numbers in bold indicate the reaction rates (in units of 10
5
 molecule cm

-3
 s

-1
) 

for indoors and in normal type for outdoors. Grey arrows denote propagation routes, the black arrows 

pointing in and out of the radical boxes – initiation and termination routes respectively (Source: 

Carslaw, 2007). 

 

A sensitivity analysis verified that the most important parameters for OH 

concentration indoors were air exchange rate and the assumed photolysis values. Carslaw 

(2007) pointed out that indoor air chemistry results might have been very different for  

a similar residence in a different location, where outdoor concentrations will be different. 

Previous studies (Weschler et al., 1994) had focused on the US conditions where outdoor O3 

concentrations were higher (160 ppb indicated for the US, California conditions): indoor 

concentrations are likely to be different in suburban UK areas.  

Carslaw (2007) noted that the concentrations of nitrated species such as PANs 

(RCO3NO2) and organic nitrates (RNO3) could be significant indoors. Given that the results 

of this study showed that approximately 30% of PAN species and 72% of the total organic 

nitrates are expected to associate with the aerosol phase through the formation of secondary 

organic aerosols, the presence of the nitrated species indoors should be a concern. Therefore 

Carslaw (2007) suggested that measurements of radicals, nitrate species, and the secondary 

products of oxidation and photolysis reactions, should be carried out indoors to validate these 
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model findings. Nevertheless, the model presented by Carslaw (2007) was the first one to 

include detailed chemical reactions indoors and was important for improving our 

understanding of indoor air chemistry.  

Within the scope of model development, Carslaw et al. (2012) presented an analysis 

of SOA formation indoors following cleaning activities. The improved model included 

additional reactions for gas to particle formation following the oxidation of limonene.  

The modelling results showed that in a typical suburban residence in the UK, the SOA 

concentration indoors is approximately 1 µg m
-3

. The composition of SOA under such 

conditions is dominated by organic nitrates and PAN species (in total ~85%), peroxides, 

acids and carbonyls. A modelling simulation was also carried out for a cleaning event 

indoors. Then, the SOA concentration increased to 20 µg m
-3

 and the composition changed to 

be dominated by peroxides (~73%), with a smaller portion of organic nitrates and PANs (in 

total ~21%). The concentration and composition of modelled SOA indoors were found to 

depend most strongly on the outdoor concentration of ozone, the indoor concentration of 

VOCs, the deposition rates and the values assumed for the partitioning coefficients.  

Clearly, the SOA composition will likely differ in a similar house placed in different 

locations and is dependent on frequency and duration of activities such as cleaning or 

cooking. Carslaw et al. (2012) highlighted the necessity for a detailed investigation of SOA 

composition indoors through measurements under realistic conditions: many of  

the experimental studies that have been carried out to date on SOA composition have been in 

chambers and typically in the dark or under low NOX conditions to simplify the chemistry. In 

addition, Carslaw et al. (2012) highlighted the need for more measurements of deposition 

rates on different indoor surfaces, which would help to validate the model and decrease  

the uncertainties in the model predictions.  

Carslaw (2013) used the improved model to further investigate chemical composition 

indoors following cleaning, including the key species and their formation pathways.  

The results presented in this study show that the main gas-phase products are multi-functional 

carbonyl species such as limonaldehyde and 4-acetyl-1-methyl-1-cyclohexene (limona 

ketone). The particle-phase products were dominated by peroxide species. The exact 

secondary product formation depended on the competition between ozone and OH radicals. 

The simulated concentrations of the key gas-phase limonene oxidation products were 

compared with the few relevant health studies namely some human reference data values 

(Wolkoff et al. 2013). The modelled concentrations for IPOH, 4-AMOH and 4-OPA did not 

exceed the reference concentrations and were not a cause for concern for a typical indoor 
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environment. However, cleaning products contain not only limonene, but also a wide range of 

other terpenes that could enhance the formation of secondary pollutants such as 

formaldehyde, 4-OPA, glyoxal or PANs. Therefore, Carslaw (2013) suggested that further 

studies to measure carbonyl species indoors were required to help to validate and improve  

the models, and also to understand secondary pollutant formation in the real conditions of 

indoor environments. Further, more health studies were recommended as the toxicity of many 

species indoors was unknown at the time of the study (and this remains the case now). 

Carslaw et al. (2015) investigated the impact of outdoor vegetation on office air 

indoors. The model was applied to simulate ozone and particulate matter (PM2.5) 

concentration in offices in three European cities (Milan, Helsinki and Athens) during typical 

and heatwave summer time conditions. The model estimated the indoor PM2.5 concentration, 

which included particles derived from outdoors and emitted from indoor sources. The results 

had significant implications for indoor air quality particularly when biogenic emissions are 

important outdoors, for instance for buildings with green walls.  

Wong et al. (2017) used the INDCM model, adopted from Carslaw (2007), to predict 

gas-phase chlorine (Cl2) and dichlorine monoxide (Cl2O) concentrations, as well as radical 

formation indoors assuming different levels of illumination. Floor cleaning with products 

containing bleach, was demonstrated to lead to an increase of chlorinated gases and particles 

in the room. The INDCM model was able to show that the uptake of hypochlorous acid 

(HOCl) on indoor surfaces and the reaction with organics on the surface had an important 

impact on indoor air concentrations. It also showed that Cl2 and HOCl photochemistry 

increased OH and Cl radical concentrations indoors. In general, using products that contain 

bleach enhance the oxidation rates both in the gas-phase and on surfaces.  

Finally, Carslaw et al. (2017) used the INDCM to simulate concentrations of OH and 

HO2 during surface cleaning with a limonene-containing cleaning product and also during  

the operation of an “air cleaning” device operation. The model results were in good 

agreement with measured values of the radical species (within 50% and often within a few 

percent) and also demonstrated that terpene reaction products (i.e. heptanal ~0.8 ppb, 

limonaldehyde ~0.1 ppb and limonaketone ~0.1 ppb) dominated the product composition 

following desk surface cleaning activity, whereas aromatics and other VOCs (i.e. 

methylglyoxal ~160 ppt and glyoxal ~100 ppt) were more important during the “air cleaning” 

device usage.   

Although previous indoor chemistry research had focused mostly on ozone–terpene 

reactions, Waring and Wells (2015) investigated the importance of also including both OH 
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and NO3 reactions with these species. Waring and Wells (2015) used a modelling analysis 

based on a Monte Carlo framework that varied input parameters probabilistically, to evaluate 

VOCs gas-phase conversion rates following ozone, OH and NO3 oxidation in typical 

residences. The model was also able to determine the importance of sources of these oxidants 

indoors. The model included sources of the oxidants indoors mentioned previously, but also 

included the photolysis of nitrous acid (HONO) to generate OH radicals and the reactions of 

NO2 with stabilized Criegee intermediates to form NO3.  

The time-averaged, mass-balance model presented by Waring and Wells (2015) 

assumed the indoor setting to be a single well-mixed environment with the air exchange rate 

calculated through a combination of natural ventilation and infiltration. The equations were 

used for four Monte Carlo operations, with 10,000 cases run for each. Each set of operations 

included stable indoor background VOC concentrations and variable outdoor NOx and ozone 

concentrations. Additionally, one set included variable indoor limonene concentrations, then 

another set incorporated variable indoor emissions of NOx and HONO. The final set 

incorporated both variable indoor limonene concentrations as well as variable indoor 

emissions of NOx and HONO. Total VOC oxidation rates by ozone, OH and NO3 were 

calculated using reaction rate coefficients and median VOC concentrations for a typical 

residential building were taken from the literature. In general, the modelling results showed 

that the oxidation rates of VOCs by ozone, OH and NO3 were higher as outdoor ozone and 

NO2 concentrations, indoor limonene concentration, HONO photolysis rate and the air 

exchange rate increased. The oxidation rates decreased as NO increased and as ozone 

deposition increased. OH formation following photolysis of HONO could be as important as 

ozonolysis of alkenes indoors under some conditions. VOC oxidation rates were dominated 

by the reactions of ozone and OH in the indoor environment. When the concentration of 

ozone outdoors was high (~142 ppb) and NOx low (~0.3 ppb), the oxidation rates by OH and 

O3 were similar. However, when the ozone concentration outdoors was low (~4 ppb) and 

NOx high (~116 ppb) the oxidation rate by OH was the highest. In general, the oxidation 

reaction of limonene was the most important for ozone and NO3, however OH loss was 

dominated by reactions with alcohols, aldehydes and aromatics.  

Following the oxidation reactions, a variety of secondary products were formed such 

as alcohols, carbonyls, carboxylic acids and SOA. Since the model presented by Waring and 

Wells (2015) considered the simultaneous oxidation process of different oxidants, the study 

presented crucial findings for future indoor chemistry research development. Given that  

the research considered only limonene, Waring and Wells (2015) suggested that using  
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a variety of terpenes could enhance the model predictions. Therefore, further model 

development would be necessary. Also, detailed indoor air measurements would be 

challenging but definitely beneficial for validation and further model development.  

Mendez et al. (2015) presented a new time-resolved INCA-Indoor model. The INCA-

Indoor model was developed from a box model called the INteraction with Chemistry and 

Aerosols (INCA) (Hauglustaine et al., 2004; Folberth et al., 2006) model for outdoors.  

The aim of the INCA-Indoor model was to help understand field campaign data, but first, it 

was used to compare with previous modelling studies, focusing on the oxidant species. 

INCA-Indoor was used to estimate the major sources of OH radicals indoors, such as  

the photolysis of HONO and the ozonolysis of alkenes.  

The INCA-Indoor model included photochemistry, deposition and emissions 

processes, as well as surface processes indoors. The surface interactions were described by 

exchange with outdoors, emissions from building materials, sorption processes and 

heterogeneous chemistry reactions at surfaces. The input values of the parameters describing 

such processes i.e. deposition velocities or emission rates were taken from the literature.  

The air exchange rate was assumed to be 2.0 h
-1

, the volume of the room was 250 m
3
 and  

the surface to volume ratio was 3.0 m
-1

.  

The model included the chemical mechanism based on the updated but simplified 

version of the SAPRC-07 mechanism (Carter, 2010), which consisted of 1400 oxidation 

reactions of 640 VOCs. The model did not include fluid mechanics, so the concentration of 

the pollutants was assumed to be spatially homogenous. However, for VOCs, the model 

considered three regimes: the bulk air, a boundary layer adjacent to a surface and the surface 

itself. VOCs species were assumed to adsorb reversibly on the material surface, so desorption 

also happened. Gases could also diffuse from the bulk air through the boundary layer to 

undergo direct uptake to the surface. They could also diffuse out of the boundary layer and 

back into the bulk air. The model also included deposition for inorganic species as  

an irreversible process, where the loss rate of the pollutant was calculated using  

the deposition velocity and the surface to volume ratio.  

The model simulated cooking and cleaning indoors for different photolysis and air 

exchange rates, and NOx and HONO concentrations.  To assess the impact of indoor 

chemistry, the analysis focused on the production and loss pathways of formaldehyde and 

acetaldehyde (as potentially harmful species) and estimation of their concentrations indoors. 

The results showed that under the chosen conditions, formaldehyde had a high emission rate 

from building materials (88-99% of the total production), such that the chemical production 
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(2-11%) and deposition loss processes (~25%) became insignificant. However,  

the production of formaldehyde through chemistry increased (up to 6.5 ppb/h) with higher 

OH concentrations. Similarly, acetaldehyde was produced rapidly (~9 ppb/h) when the OH 

concentration is high.  

As HONO is as an important OH precursor indoors (e.g. Figure 7), the concentration 

of the OH radical indoors varied with the HONO concentration. For higher air exchange 

rates, species like ozone, NOx and VOCs were transported indoors more efficiently from 

outdoors. Thus, the resulting NO concentration enhances the conversion of HO2 to OH. When 

the air exchange rate was high (AER = 2.0 h
-1

), the formation of secondary species was 

limited by ventilation. On the contrary, low ventilation rates (AER = 0.2 h
-1

) enabled efficient 

formation of secondary species as reaction time was effectively extended (i.e. acetaldehyde 

concentration was ~16.3 ppb).    

The INCA-Indoor model was compared with the model presented by Carslaw (2007). 

The main differences were in the chemical scheme the models used, the photolysis rates and 

the outdoor concentrations. The Carslaw (2007) model was based on the MCM v3.1 scheme 

whereas the INCA-Indoor model was based on the SAPRC-07 scheme. The two models 

included similar parameters for the processes of ventilation, deposition and reaction with 

alkenes, so the ozone concentrations were similar (~ 4% difference) for both models. NO2 

and NO concentrations estimated by INCA-Indoor model were underestimated by 63% and 

35% respectively compared to the model presented by Carslaw (2007). However, HO2 and 

OH concentrations from the INCA-Indoor model were overestimated by 38% and 34% 

respectively. Although the INCA-Indoor model included a less detailed chemical mechanism 

in comparison with the model presented by Carslaw (2007), the mean relative difference for 

OH, HO2, O3, NO, NO2, PANs, limonene and formaldehyde was in the range between 4.3% 

for ozone to 88% for PAN species.  

However, there are still validation issues of the INCA-model. The INCA-model was 

developed to interpret the results of the experimental campaign MERMAID, which was 

aimed to study the indoor air quality of rooms in low energy buildings (Schoemaecker et al., 

2014). On the other hand, the INCA-Indoor model predictions were different to those 

measured indoors. For instance, the predicted HONO and alkene concentrations were lower 

than those from the measurements (Alvarez et al., 2013). Therefore further studies should 

include the input data obtained from the field measurements to enhance the understanding of 

detailed chemistry indoors.  
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2.2.2 Related models 

This section describes models that are at least partially relevant for the topic of this thesis but 

are not indoor air chemistry models. Those described include dermal uptake models, 

exposure models and kinetic skin models. 

 

2.2.2.1 Dermal uptake models 

There is strong evidence that dry cleaning solvents, such as naphthalene, dichlorobenzene or 

methamphetamine, can sorb to clothing materials and enhance dermal exposure owing to 

release of chemicals near the skin surface (e.g. Sherlach et al., 2011; Morrison et al., 2015). 

Partitioning of such chemicals and/or passive adsorption from indoor air can have an impact 

on exposure. Following the hypothesis presented by Weschler et al. (2015), which assumed 

that clothing materials absorb a great quantity of phthalates and release them close to the skin 

reducing the mass transfer resistance from indoor air to the skin. Morrison et al. (2015) 

measured the amount of airborne phthalates that could partition to clothing. The specific aim 

was to measure the mass of two phthalate esters, dibutyl phthalate (DnBP) and diethyl 

phthalate (DEP), that could accumulate on cotton clothing and to assess partition coefficients. 

The partitioning coefficients normalized by volume for DEP and DnBP for three different 

materials were in the range of 2.5 – 2.7 x 10
5
 and 36 – 44 x 10

5
 respectively and showed that 

phthalates could be highly concentrated closer to the skin. The concentrations of DnBP and 

DEP adsorbed on cotton clothing materials are function of air concentration (Figure 8). 

 

Figure 8: The concentrations of dibutyl phthalate (DnBP) and diethyl phthalate (DEP) adsorbed on 

cotton clothing materials as a function of air concentration (Source: Morrison et al., 2015). 
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 Morrison et al. (2016) also noted that the uptake was higher for the subject wearing 

clothes compared to the bare-skinned person in the same experimental conditions and that 

freshly laundered clothes led to lower uptake than those exposed to the phthalates.   

The experimental work was followed by modelling studies (Morrison et al., 2016; 2017). 

Morrison et al. (2016) used a model to estimate the transdermal uptake for bare-skinned 

occupants, which showed relatively good agreement with the measurement results.  

The transdermal model included parameters describing transport of the phthalate compounds 

(DnBP and DEP) from the gas-phase (taking into consideration a gas-phase concentration) 

through the clothing layer by adsorption on the fabric material. Transport of the phthalates 

from the clothing layer to the skin lipids (a diffusion coefficient) occurred in the layer of air 

between the clothing material and the skin. The model also included parameters describing 

the mass transfer through the skin sub-layers (stratum corneum and viable epidermis).  

The layers of the clothing material, air between the clothing material and the skin, as well as 

skin surface lipids and the skin sub-layers were described by specific thicknesses (Figure 9).  

 

 

Figure 9: Schematic view of DnBP and DEP dermal uptake from the gas-phase through the gap of  

the air to the skin. Cg denotes gas concentration of the compound, Dg gas-phase diffusivity of  

the compound, L thickness of the layers (Source: Morrison et al., 2017). 

 

Morrison et al. (2017) developed the model further to consider the transdermal uptake 

of SVOCs including the subjects wearing clothes. Therefore it was possible to estimate  
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the dermal uptake of DnBP and DEP more precisely than in the previous version of  

the model, as well as to evaluate the impact of clothing on the human subject. The model was 

used to simulate the experimental conditions reported by Morrison et al. (2016), where 

subjects wore either freshly laundered or exposed clothes for 6 hours, before dermal uptake 

was measured. The results of the model showed that a smaller gap between the clothing 

material and the skin led to higher dermal uptake of the phthalate compounds. For instance, 

the model predicted the uptake of DnBP and DEP as 13.8 mg and 7.6 mg respectively when 

the gap between cloth and skin was 0.2 mm, and 1.8 mg and 3.0 mg respectively when the 

gap was 10 mm. Higher dermal uptake was predicted for the compounds that have clothing-

air partitioning coefficients within the range of 10
5
 and 10

7
.  Also, the dermal uptake was 

higher for clothes that had been worn for longer without washing as the effect of phthalates 

accumulation. 

In conclusion, the model proposed by Morrison et al. (2016) improved the estimation 

of dermal uptake of DnBP and DEP from clothing. The authors suggested that future models 

should include more SVOC compounds, not only DnBP and DEP, to expand the exposure 

prediction to a wider suite of compounds. Improved models should also include enhanced 

parameter values, such as partitioning coefficients, which would consider different types of 

materials, laundry habits and frequency or different environmental conditions. 

 

2.2.2.2 Exposure model 

Terry et al. (2014) proposed a new approach for indoor air models by combining  

a reduced indoor air chemistry model with a probabilistic and physical indoor – outdoor air 

exposure model. The new INDAIR–CHEM model was used to calculate exposure to 

secondary indoor air pollutants and to estimate indoor air quality in European offices under 

extreme, heat-wave conditions during the summer of 2003 and a more typical summer in 

2009. Previous indoor air exposure models (Dimitroulopoulou et al., 2006) focused on 

primary pollutants, even though secondary pollutants were of increasing concern in terms of 

health impacts. On the contrary, the detailed indoor air chemistry models (i.e. Carslaw, 2007) 

included indoor air chemical degradation pathways, but did not focus on the exposure effect 

of the compounds. Hence, the INDAIR–CHEM model proposed by Terry et al. (2014) 

included both aspects and was used to evaluate exposure of indoor air pollutants taking into 

account different conditions indoors. The INDAIR-CHEM model used a simplified version of 

the model scheme which was previously presented by Carslaw (2007) and improved by 
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Carslaw et al. (2012).  The chemical scheme was reduced to include only a few key indoor air 

pollutants, namely the reactions of ozone, NOx, HCHO and CO with 19 chemical species 

(including limonene) incorporating 44 photolysis and chemical reactions. The INDAIR-

CHEM model included also parameters describing air exchange rates between indoors and 

outdoors but also between different zones in the indoor environment, which would help to 

estimate personal exposure indoors. The new model investigated different outdoor and 

therefore indoor conditions focusing on ozone, NOx, particulate matter and secondary 

pollutant concentrations that might be responsible for adverse health effect. The heat-wave 

summer (2003) (precisely the first two weeks in August 2003) conditions were chosen for the 

modelling study since measured ozone concentrations were extremely high and could 

contribute to poor indoor air quality. Such conditions are expected to arise more frequently in 

the future owing to climate change (Beniston, 2004). They were therefore chosen for 

comparison with the reference conditions for a more typical summer in 2009.  

Eight different European cities (Amsterdam, London, Helsinki, Milan, Paris, Athens, 

Vienna and Lisbon) were chosen as study locations for air quality evaluation in office 

buildings. The model simulations assumed a naturally ventilated office (volume of 60 m
3
 and 

surface area of 20 m
2
) with an air exchange rate of 0.5 h

-1
 or 1.5 h

-1
 using the outdoor 

concentrations measured in each city. Since activities such as cleaning can have an impact on 

occupants’ health and the exposure to the pollutants (Wolkoff et al. 2013), a 30-minute 

cleaning activity in the office was simulated, during which time, the limonene concentration 

was assumed to be 200 ppb based on Singer et al. (2006). The results of this modelling study 

showed that lower ventilation rates (AER = 0.5 h
-1

) contributed to lower exposure to ozone 

indoors (4.2 ppb), however it also enhanced the formation of secondary indoor air pollutants 

since the time for reactions was prolonged. Thereafter, the cumulative exposure for indoor 

occupants increased when the ventilation rate was lower. For instance, formaldehyde 

concentration was 15.1 ppb when the air exchange rate was 0.5 h
-1

 and 8 ppb when the air 

exchange rate was 1.5 h
-1

. Additionally, the indoor exposure increased when outdoor 

concentrations, particularly to ozone, here higher during heatwave summer conditions (i.e. an 

average outdoor ozone concentration in Milan during heatwave summer conditions was ~75 

ppb). This research emphasized the need for further research on limonene oxidation products 

and their impact on the exposure of the occupants. Likewise, the authors recommended that 

additional work should be carried out for PM2.5 measurements indoors, given that high 

concentrations were simulated following the cleaning activity indoors and may contribute to 

adverse health effect. 
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2.2.2.3 Kinetic skin model 

Ozonolysis reactions with skin lipids can decrease ozone concentration indoors and increase 

the potential for secondary pollutant formation (e.g. Wisthaler and Weschler, 2010). A new 

model by Lakey et al. (2016) aimed to evaluate and quantify ozone – skin lipids reaction 

products, especially monocarbonyls and dicarbonyls which might cause skin or respiratory 

irritation, but also could be absorbed to the bloodstream over the time. Lakey and co-authors 

(2016) developed the Kinetic Multilayer model of SUrface and Bulk chemistry of the skin 

(KM-SUB-Skin), which included mass transport and chemical reactions at the skin-surface, 

in the near-surface gas phase and in the bulk gas-phase. The model was developed based on 

the kinetic multilayer for aerosol surface and bulk chemistry (KM-SUB) (Shiraiwa et al., 

2010). 

The surface layers included a sorption layer, a skin oil layer, bulk layers and a layer of 

blood vessels (Figure 10). Three sets of input data were used in the KM-SUB-Skin model 

(Lakey et al., 2016). Two of them used the data presented by Wisthaler and Weschler (2010), 

who measured the ozone and the ozonolysis volatile product (i.e. decanal, 6-MHO, 4-OPA or 

acetone) concentrations in a chamber in the presence of two people. The third set of data 

included VOC measurements, which was done for the purpose of this modelling study, 

placing an enclosure on the subject’s forehead and being exposed to ozone flow. The effect of 

clothing on the chemistry processes, the mass transport between the skin and the gas-phase, 

including how skin oil content in clothing changes with time, different layers of materials and 

the different types of clothing materials, remains largely unknown and is a source of large 

uncertainty. Therefore, for simplicity, the model presented by Lakey et al. (2016) considered 

that skin oil exists solely on the skin and not on the clothing materials. 
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Figure 10: A schematic of ozone interactions with the skin taking into consideration gas-phase and 

different surface-phase layers (Source: Lakey et al., 2016). 

 

 The results of the model presented by Lakey and co-authors (2016) showed that  

the presence of people indoors decreases the ozone concentrations. Hence, two people in  

a 28.5 m
3
 chamber reduced the concentration of ozone from ~33 ppb to ~16 ppb over 4 hours. 

In addition, as the ozone concentration decreased, the gas-phase concentrations of VOCs 

increased. For instance, 6-MHO increased to 2.5 ppb and 4-OPA up to 2 ppb both from  

a concentration close to zero.  Increasing the number of people in the room (20 occupants, 

28.5 m
3
), the concentrations of ozone and the reaction products decreased, since each 

occupant was exposed to a lower concentration of ozone. An increase in the ventilation rate 

(higher than 1 h
-1

) caused higher ozone concentrations indoors (~14 ppb), but a lower total 

concentration of carbonyl products (0.1-0.8 ppb) in the gas-phase and blood as they were 

flushed out more rapidly once formed. 

In conclusion, skin oils can react very efficiently with ozone, though it should be 

noted that there are still uncertainties in terms of its chemical and physical production and 

removal. The number of occupants will also have an impact and the authors note that further 

research should include i.e. differences in the room temperature, which can impact the skin 

temperature and therefore potentially human body emissions. Also, the application of 

personal care products onto the skin could potentially enhance the chemical reactions. 

Likewise, the skin pH or the age of different individuals might affect the chemistry. Indeed, 

more measurement and further studies of the squalene ozonolysis reaction products in  
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the gas-phase as well as in the skin oil, skin and blood, such as the loss rate of the products, 

are required for better understanding and for future model development. Also following  

the recommendations of Lakey et al. (2016), it would be beneficial to assess the adverse 

health effect of the squalene ozonolysis products and their potential for skin and respiratory 

irritation.  

 

2.3 Summary of indoor air chemistry model limitations 

Indoor air chemistry is a complex subject which provides many challenges for modelling 

studies. One of the main issues is that measurements within indoor environments (for model 

validation) are very challenging. It is often difficult to measure in real buildings (noise, 

ventilation issues) and to do so in meaningful way that encapsulates the wide variety between 

different buildings. Thus, current measurement techniques are not able to provide all of  

the detailed results necessary to gain a broad understanding of chemistry indoors. Given that 

there are few measurements of indoor air pollutants, particularly with respect to the detailed 

chemistry such as concentrations of many secondary indoor air pollutants, the development 

of indoor air models is a substantial requirement for better understanding of the indoor air 

chemistry processes and to evaluate the impacts of indoor air pollution on human exposure.  

Therefore, indoor air chemistry models should be properly designed to include  

the different sources and sinks of pollutants within a building envelope, such as indoor 

chemical reactions, material emissions and indoor surface interactions, human activity 

indoors for instance cleaning and cooking, exchange of the pollutants with outdoors, or 

transport of the pollutants within different zones of a building. Clearly, field and laboratory 

measurements can help to develop the model framework to improve chemical mechanisms or 

provide more accurate input parameters for the model, but detailed indoor air chemical 

models are likely to remain the most important tool to evaluate indoor air pollution for some 

time to come. 

Current indoor air chemistry models use chemical mechanisms, such as the Master 

Chemical Mechanism (Jenkin et al., 1997), which were originally constructed for modelling 

outdoor atmospheric chemistry processes. Consequently, there are some aspects that could be 

improved to better represent processes indoors. For instance, the mechanisms should include 

more degradation schemes for terpenes, which are emitted during cleaning activities, or air 

freshener use. There are also fatty acids and esters emitted from indoor surfaces such as 

human skin. However, representation of these species in chemical mechanisms is currently 
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limited, largely owing to the chemical complexity. Likewise, current models include 

estimated photolysis rates indoors, since there are only a few measurements available. This is 

particularly a problem when considering the propagation of light indoors, such as the 

variation between the air close to a window and in the shadow on the far side of the room 

from the window.  

There are also very few measurements of deposition rates of gas-phase species 

indoors. Those that exist are mainly for ozone, nitrogen dioxide and sulphur dioxide 

(Grontoft and Raychaudhuri, 2004) and are limited to relatively few surfaces. Measurements 

for gases such as formaldehyde and HONO are absent for indoors, but based on outdoor 

deposition rates, could potentially play a role indoors.  

A major area for indoor model development is the representation of surface 

interactions. A wide range of materials exist indoors, each with different properties such as 

surface area and porosity. However, very few measurements of these properties have been 

made to date and those that have focus mainly on ozone. Nevertheless, some recent studies 

(e.g. Hodgson et al., 2002; Morrison and Nazaroff, 2000; 2002), have provided sufficient data 

such that model improvements can begin to be made. There are few existing surface-phase 

models and these typically focus on one type of surface, such as human skin. There is still  

a need to develop models, which include surface interactions in a real building case scenario. 

Therefore model development of surface interactions in a real indoor environment scenario is 

the focus of this dissertation. 
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3. Methodology 

 

3.1 Introduction 

In the absence of comprehensive indoor air measurements, the best way to quantify indoor air 

pollutant concentrations is through the use of an indoor air quality model. Modelling studies 

are necessary to provide insight into indoor air quality, as well as to inform focused 

measurements. An indoor air detailed chemical model (INDCM) developed by Carslaw 

(2007) and improved by Carslaw et al. (2012) has been used in this study to investigate 

indoor air chemistry and particularly that of surface interactions following deposition of 

ozone. Each component of the INDCM is now described in the following sections of this 

Chapter. This chapter describes the version of the model before the surface interactions 

developments described in subsequent chapters (Chapters 4-6) were employed. It describes 

the experimental framework used in Chapters 4-6 and also defines the case study locations, 

the case study apartment and the indoor and outdoor concentrations used for each study 

location. 

 

3.2 The Master Chemical Mechanism 

The model is based on a comprehensive chemical mechanism called the Master Chemical 

Mechanism, MCM v3.2 (MCM, University of Leeds). The MCM is a near-explicit 

chemical mechanism that describes in detail the gas phase chemical breakdown of a wide 

range of volatile organic compounds (VOCs) (Jenkin et al., 1997; Jenkin et al., 2003; 

Saunders et al., 2003). The MCM considers available information on the kinetics and 

products of the reactions related to VOC oxidation, aiming to construct a detailed 

representation of the atmospheric degradation mechanisms. For reactions where the kinetics 

and products have not yet been investigated experimentally (the vast majority), these 

parameters are defined based on analogy with the reactions that have already been studied 

following a defined protocol described by Jenkin et al. (1997) and in subsequent publications 

(Jenkin et al., 2003; Saunders et al., 2003).  

The degradation of VOCs is initiated by reactions with O3, OH, NO3 and photolysis 

where relevant. The degradation routes are driven by the parent compound. For instance, 

carbonyls, organic nitrates etc. undergo photolysis whilst larger alkanes, alkenes and 
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alkynes will not. Initiation by photolysis reactions can form intermediate products of oxy 

and peroxy radicals (Jenkin et al., 1997).  

All VOC species react with the OH radical to form peroxy radicals (RO2). 

Examples for ethane, ethane and benzene are given in equations 3-5: 

 

C2H6 + OH (+O2) → C2H5O2 + H2O                                                            (3) 

 

C2H4 + OH (+O2) → HOCH2CH2O2                                                                      (4) 

 

C6H6 + OH (+O2) → BZBIPERO2                                                                         (5)           

 

Alkanes react with OH via abstraction of the H atom from the carbon chain as 

shown in equation 3. Reactions of OH with alkanes, alkenes, alkynes and aromatics all 

produce RO2 radicals, which can undergo a number of further reactions (Jenkin et al., 

1997; Atkinson and Arey, 2003; Saunders et al., 2003). Alkenes undergo addition to  

the double bond by OH to form RO2 radicals (equation 4). Aromatic species react with OH 

involving the addition of the OH radical to the aromatic ring (equation 5). Note that many 

of the reactions with NO3 are similar to OH, but then nitrated products are formed. 

RO2 radicals react with NO2, NO, NO3, HO2, itself and other peroxy radicals 

(Jenkin et al., 1997), to form oxygenated species, for instance carbonyl compounds (9) or 

alcohols (equation 8). The main fate outdoors is to react with NOx/RO2 to form oxy (RO) 

radicals such as C2H5O in equations 6-7: 

 

C2H5O2 + NO → C2H5O + NO2                                                                             (6) 

 

C2H5O2 + RO2 → C2H5O                                                                                       (7 ) 

 

C2H5O2 + RO2 → C2H5OH                                                                                    (8) 

 

C2H5O2 + RO2 → CH3CHO                                                                                   (9) 

 

As each VOC will generate 3-4 peroxy radicals following oxidation by OH/NO3,  

a large number of RO2 radicals are generated in the chemical mechanism. Describing each 

of these reactions explicitly would be chemically and computationally complex, given that 
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each RO2 radical can potentially react with all other RO2 species, as well as with i.e. HO2 

and NO. A simplified approach is used in the MCM (Jenkin et al., 1997), whereby an RO2 

radical pool is assumed, where RO2 is the sum of the concentrations of all peroxy radicals 

excluding HO2. It can then be assumed that each RO2 radical reacts with ‘the pool’ rather 

than individually with each of the RO2 radicals.  

For the majority of RO2 reactions, kinetic data are unavailable and therefore 

generic rate coefficients are assigned. These rates and branching ratios are modified 

depending on the parent hydrocarbon. For instance, the rate coefficient for the reactions of 

RO2 with NO3 is assigned a value of 2.3 x 10
-12

 cm
3
 molecule

-1
 s

-1
 for the reactions with 

peroxy radicals and for the reactions of RO2 with NO is assigned a temperature-dependent 

rate coefficient of 2.7 x 10
-12 

e
(360/T)

 cm
3
 molecule

-1
 s

-1
 (MCM Protocol, University of 

Leeds). 

The oxy radicals can then react with O2, isomerise or thermally decompose 

depending on the parent VOC. Such reactions typically form HO2 (e.g. equation 10) and 

then OH following reaction with NO (equation 11). For instance, for the relatively simple 

oxy radical C2H5O, the fate is shown in equation 10: 

 

C2H5O + O2 → CH3CHO + HO2                                                                          (10) 

 

HO2 + NO → NO2 + OH                                                                                      (11) 

 

Unsaturated species containing double bonds react with ozone as described by 

Atkinson (1997) and shown schematically in Figure 11. The initial attack of ozone on  

a double bond is followed by the formation of an ozonide, which decomposes rapidly to 

form a carbonyl compound and excited and stabilized Criegee biradicals (R’R’’COO) 

(Murray, 1968; Criegee, 1975). The excited energy-rich Criegee biradicals may be 

stabilised or decomposed. Additionally, the OH radical can be formed. The stabilised 

Criegee biradicals react with NO, NO2, SO2, CO and water. However, the main fate is  

the reaction with water under most conditions outdoors and probably indoors too.  
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Figure 11: Ozonolysis of an alkene to form carbonyl and other products (Source: Cheng et al., 2015). 

 

As well as the radical products described above, the degradation of VOC following 

initiation and propagation reactions leads to a wide range of more stable products, such as 

carbonyls, PANs (peroxyacetyl nitrates), organic nitrates (RONO2), hydroperoxides 

(ROOH), percarboxylic acids (RC(O)OOH), carboxylic acids (RC(O)OH) and alcohols 

(ROH) (Saunders et al., 2003). Following the same methodology as described above, these 

products are degraded through reaction with OH, NO3, O3 and photolysis where relevant, 

until water and CO2 are formed as final products (Jenkin et al., 1997). The schematic view 

of these processes is shown in Figure 12. The MCM also includes an inorganic scheme for 

ozone, NOx and carbon monoxide, which contributes to the budget of radicals and species 

formation. 
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Figure 12: Flow chart describing the degradation process of VOCs reactions including initiation, 

propagation and termination reactions. Initiation reactions occur by reactions with O3, OH, NO3 and 

photolysis. Intermediate products, such as oxy (RO) and peroxy (RO2) radicals, excited and stabilized 

Criegee (R’R’’COO) species, undergo a variety of reactions to form final products, such as carbonyl 

species or organic nitrates until water and CO2 is formed (Saunders et al., 2003). 

 

3.3 Exchange with outdoors  

The air exchange rate is the rate at which air passes into a building caused by its ventilation 

system or its leakage (Dimitroulopoulou et al., 2001). In general, the air exchange rate is 

calculated using the air flow rate through the indoor space divided by the volume of the 

indoor space. For naturally ventilated spaces, tracer gas measurements, such as CO2, can be 

used to determine the average air exchange rate (Persily, 2006). Then, a mass balance 

analysis based on the indoor CO2 concentration is estimated by calculating the reduction of 

the CO2 concentration indoors over a period of time assuming no additional indoor sources 

(Coley and Beisteiner, 2002; Roulet and Foradini, 2002). 

The air exchange rate depends on several factors, such as climatic conditions (degree 

of window opening), the behaviour of residents and building characteristics (e.g. natural 

versus mechanical ventilation, building filtration factor). There is often higher air exchange 

rate in a kitchen than in living rooms and bedrooms because of ventilation associated with 

cooking (Dimitroulopoulou et al., 2001). Also, different ventilation rates might be noted for 
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classrooms or offices compared to residential buildings. Furthermore, ventilation rates are 

expected to be higher during summer, when windows are open more frequently.  

In a typical residential environment the air exchange rate may vary quite broadly from 

0.2 h
-1 

(air changes per hour), which is considered as a representative value for tightly 

constructed, energy-efficient housing, to the value of 2.0 h
-1

 that is more typical for loosely 

constructed building, though in some cases it might exceed 5.0 h
-1

 (Weschler, 2000).  

An analysis of the data from approximately 2800 households in the US an average of air 

exchange rate as 0.76 h
-1

 (Murray and Burmaster, 1995). Similarly, following the review of 

Dimitroulopoulou et al. (2006) based on a data-base of approximately 470 UK dwellings  

the mean AER was ~ 0.7 h
-1

, with a range of 0.2-1.5 h
-1

. Ventilation rates greater than 0.5 h
-1

 

were reported in Mediterranean countries such as Portugal and Greece, whereas in the Nordic 

countries, values lower than 0.5 h
-1

 were more typical (Dimitroulopoulou, 2012). 

Furthermore, higher ventilation rates are measured in mechanically ventilated dwellings, 

where the air is recirculated, rather than in naturally ones.  

Following the large-scale statistical analysis presented by Murray and Burmaster 

(1995), the base case model runs in this study were performed assuming an air exchange rate 

of 0.76 h
-1

. However, to investigate the model sensitivity to this parameter, the model has 

been tested over the range of the commonly reported values (0.2 h
-1

 - 2.0 h
-1

). 

 

3.4 Deposition processes 

One of the components used to describe deposition processes is the deposition velocity 

(Raunemaa et al., 1989). The deposition velocity is a mass transfer coefficient that describes 

the reactivity of surfaces (Wang and Morrison, 2006). The deposition velocity is associated 

with the loss rate K (h
-1

) of pollutants and a particular surface to volume ratio (A/V) of  

the indoor environment, which can be described by equation 12 (Dimitroulopoulou et al., 

2001):  

 

                                                     K = 𝑑 (
𝐴𝑖

𝑉𝑖
)                                                           (12) 
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where 𝑑 is the deposition velocity of indoor species (m h
-1

), Ai the surface area indoors (m
2
), 

Vi the volume of air in the indoor environment (m
3
) . 

The surface area in this case incorporates those of the floor, walls and all of  

the internal furnishings. It is assumed that each gas has a characteristic deposition velocity, 

which defines how likely it is to be lost to the internal surfaces in a building. The deposition 

velocities for common pollutants that were used in the model were calculated by Carslaw et 

al. (2012), and presented in Table 1. Carslaw et al. (2012) averaged the deposition velocity 

for 25 species measured by Zhang et al. (2002) for different outdoor surfaces (“mixed 

broadleaf and needle leaf trees”, “grass”, “shrubs and interrupted woodlands” and “urban”) in 

summer conditions. These surfaces were meant to be representative of a typical suburban area 

outdoors.  

For O3 and NO2, indoor values were available that took into consideration a range of 

deposition velocities on different surfaces indoors and were averaged to give the values 

0.0345 and 0.0261 cm s
-1

 respectively (Grontoft and Raychaudhuri, 2004). Since the 

calculated outdoor suburban values for O3 and NO2 were factors of 17.6 and 21.7 respectively 

higher than those for indoors, the suburban outdoor values were all divided by 20 to give 

indoor deposition velocity values that were used in the model (Table 1). The deposition 

velocities presented in Table 1 were used in the study of Carslaw (2007) and therefore are 

adopted in the current study with the exception of ozone, the treatment of which is described 

in the subsequent chapters.  
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Table 1: Calculated average deposition velocities used in the INDCM model and derived from 
outdoor values measured by Zhang et al. (2002) (Carslaw et al., 2012). 

Compound Compound symbol Deposition velocity [cm s
-1

] 

Ozone O3 0.0345 

Sulphur dioxide SO2 0.029 

Nitrogen dioxide NO2 0.0261 

Nitrogen pentaoxide N2O5 0.07 

Nitric acid HNO3 0.176 

Nitrous acid HONO 0.065 

Hydrogen peroxide H2O2 0.045 

Nitrate radical NO3• 0.07 

Hydroperoxy radicals HO2• 0.07 

Hydroxyl radicals OH• 0.07 

Formaldehyde HCHO 0.035 

Acetaldehyde CH3CHO 0.0123 

Acetone CH3COCH3 0.005 

Methanol CH3OH 0.0307 

Ethanol C2H5OH 0.0264 

Methylglyoxal CH3COCHO 0.0153 

Formic acid HCOOH 0.0438 

Acetic acid CH3COOH 0.0359 

Higher aldehydes RCHO 0.0103 

Long chain alcohols ROH 0.0162 

Long chain acids RCOOH 0.0292 

Long chain ketones RCOR 0.0103 

PANs RO3NO2 0.0197 

 

The value for higher aldehydes was applied to all aldehydes with a chain longer than 

acetaldehyde. Also, the values for long chain alcohols and acids were used for all alcohols 

and acids with a chain longer than ethanol and acetic acid respectively. 
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3.5 Photolysis 

Outdoor photolysis rates were calculated following the method described in detail by Carslaw 

(2007). Basically, a 2-stream isotropic scattering model uses the longitude, latitude, time of 

year and day to calculate location and time specific clear-sky photolysis rates, which will 

affect the light that can reach the surface from the sun (Jenkin et al., 1997). Such values must 

then be attenuated to be representative for indoors. Although there is limited information in 

the literature, recent measurements (Gandolfo et al., 2016) have shown that whilst light at  

the visible wavelengths needed to photolyse NO2 and HONO is typically attenuated to 10-

15% of that outdoors by the time it reaches indoors, for species photolysed in the UV (such as 

ozone to give excited oxygen state atoms), transmission is typically <1% of that outdoors. 

Nazaroff and Cass (1986) found that 0.7% and 0.15% of visible and UV light respectively 

were transmitted through museum skylights, whilst for two laboratories in Greece with large 

windows; 70-80% of the visible light was transmitted indoors compared to 25-30% in the UV 

(Drakou et al. 1998). Clearly, approximately 3-5 times more light is transmitted in the visible 

compared to the UV.  

Fiadzomor (2002) measured indoor and outdoor photolysis coefficients for NO2 and 

found the indoor to outdoor ratio was about 1:10. Therefore, a value of 10% for transmission 

of visible light was assumed for the INDCM model runs. Following the assumption that there 

is ~ 3 times more light transmitted in the visible compared to the UV, it was assumed that 3% 

of the outdoor UV light was transmitted through the windows (Carslaw, 2007). The values 

were adopted from Carslaw (2007) and were used in the current study. 

The indoor lighting is considered as having two components, namely UV (300-400 

nm) and visible (400-760 nm) (Carslaw, 2007). For each species, the photolysis coefficient (j) 

was calculated according to the equations 13-15: 

 

                                                                                               (13)                                                                     

where: 

                                                                                   (14) 

                                                                                   (15) 
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Iuv and Ivis stands for spherically integrated photon flux (photons cm
-2

 s
-1

) in the UV and 

visible respectively, huv and hvis are constants calculated according to the equations 14-15, 

where σ represents the absorption cross-section of the molecule (cm
2
), φ the quantum yield 

and dλ the relevant wavelength interval. 

The sensitivity of the model to these assumptions is tested in the following chapters. 

For the baseline model of this study, indoor photolysis is assumed to be driven only by light 

that comes from outdoors and penetrates through the windows.  

 

3.6 Initial conditions 

3.6.1 Case study locations 

To compare the impact of outdoor pollutant concentrations on indoor air quality, two 

different locations were chosen: Milan, Italy and Seoul, South Korea (Figure 13 and 14 

respectively).  

 

Figure 13: Schematic view of Milan (Source: Google Maps; TripAdvisor). 
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Figure 14: Schematic view of Seoul (Source: Google Maps; TripAdvisor). 

 

Milan and Seoul were selected as study cities. Given that the selected cities are 

characterised by different sizes (Table 2), Seoul had approximately three times bigger area 

and was chosen as a megacity pollution example (the CAPACITIE project) and Milan as an 

average size but highly polluted city (Carslaw et al., 2015). The outdoor air pollutant 

concentrations vary between the case study cities (especially ozone and NOx as shown in 

Table 3), which can potentially influence the formation of secondary pollutants indoors 

(Weschler, 2000). In particular, it is expected that the higher the outdoor ozone concentration, 

the more infiltrates indoors and impacts on the indoor air chemistry.    
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Table 2: Characteristics of the case study cities. 

City Area 

[km
2
] 

Population 

size 

[inhabitants 

in 2013] 

Density 

[inh/km
2
] 

Latitude 

[
o
] 

Longitude 

[
o
] 

Average 

summer 

temp.  

[
o
C] 

Annual 

average 

temp. 

 [
o
C]  

Milan 181.2 1 251 000 6 882 45.47 N 9.18 E 21 / 40* 11.4 

Seoul 605.2 10 440 000 17 250 37.57 N 126.97 E 24 12 

* Summer temperature in Milan during heatwave condition. 

 

Table 3 shows the average summer outdoor concentrations of ozone, NO2, NO and 

PM2.5 in the case study cities. Also included for Milan are data during two weeks in August 

2003 when there was a European heatwave, with many countries experiencing extreme 

temperatures and high ozone and PM concentrations (Terry et al., 2014). The outdoor NOx 

and O3 data for Milan were taken from the EU AirBase data set (Carslaw et al., 2015), for  

the 2 weeks during the heatwave in August 2003 and the same two weeks in August 2009 

with more typical summer conditions (Carslaw et al. 2015). The averages for Seoul are 

presented for June-August of three years 2012-2014 (Professor Kyungho Choi, Seoul 

National University, South Korea, personal communication). 

 

Table 3: Outdoor summer concentrations of ozone, NO2, NO and PM2.5 measured as an average for  

the heatwave period of 2 weeks in August 2003 and the same 2 weeks during typical summer 

conditions in August 2009 in Milan, and the outdoor concentration averages for June-August 2012-

2014 in Seoul. 

 Ozone  

[ppb] 

NO2  

[ppb] 

NO  

[ppb] 

PM2.5      

[µg m
-3

] 

Milan August 2003 75.2 30.5 14.1 28 

Milan August 2009 49.0 19.1 16.0 14 

Seoul (summer 2012-2014) 34.4 25.0 9.2 19.9 

 

The highest outdoor concentrations of ozone, NO2 and PM2.5 were recorded for Milan during 

summer time in 2003, when the heatwave conditions occurred. Thus, in respect of extreme 

conditions outdoors, the pollutant concentrations were higher than those measured in  

the typical summer conditions.  
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3.6.2 Case study residence  

A typical apartment was used as a case study residence in this study. The size (70 m
2
) and  

the plan of the apartment were adopted following Tae et al. (2011) who studied standard 

apartments in South Korea. Lim et al. (2011) in another study confirmed that small 

apartments in South Korea had typical surface areas less than 90 m
2
, whilst Asdrubali et al. 

(2008) presented average surface areas of Italian apartments as ~73 m
2
. Therefore this 

modelling study considers the size and the plan of the apartment suggested by Tae et al. 

(2011) as representative residence for both case study locations, Milan and Seoul. The 

apartment has 3-bedrooms each of 7.5 m
2
 with an open plan kitchen/living room of 12.5 and 

20.9 m
2
 respectively, a small toilet (2.8 m

2
), bathroom (7.8 m

2
), corridor (3.9 m

2
) and ceiling 

height of 2.4 m, giving a total surface area of 70 m
2
 and a volume of 168 m

3
. The plan of  

the apartment is shown in Figure 15. 

 

 

Figure 15: Schematic view of the case study apartment floor plan, with a total unfurnished surface 

area of 70 m
2
 and a volume of 168 m

3
 (Tae et al., 2011). 

 

The case study apartment is assumed to have different types of internal surfaces for a typical 

residence, defined by different areas: hard furniture together with internal doors (22 m
2
), soft 

furniture (35 m
2
), wooden floors (51 m

2
), painted walls and ceilings (199 m

2
), linoleum 

including the kitchen, bathroom and toilet floors (11 m
2
) and countertops, including those in 

the kitchen, toilet and bathroom and tiled toilet, bathroom and kitchen walls (19 m
2
). This 

gives a total surface area for deposition of 337 m
2
 (Singer et al., 2007; Cuéllar-Franca and 

http://www.sciencedirect.com/science/article/pii/S0360132312000443
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Azapagic, 2012). The proportions of surface size assumed for the apartment are shown in 

Figure 16.  

 

 

Figure 16: Surface type contribution to the total internal surface area in the apartment case study. 

 

3.7 Outdoor and indoor VOC concentrations  

The outdoor VOC values were assumed to be the same for each study location (Milan and 

Seoul) given the absence of detailed and representative measurements for these species 

outdoors. Outdoor VOC concentrations were available from the EU OFFICAIR project based 

on measurements in 3-5 buildings in Milan, Athens and Helsinki over 5 days in summer 2012 

or set to typical outdoor values for an urban area (Sarwar et al., 2002; Carslaw et al., 2015). 

For C6-C10 aldehydes, outdoor values of hexanal, heptanal, octanal, nonanal and decanal were 

assumed constant at 0.37, 0.15, 0.29, 1.0 and 0.11 ppb respectively for each location based on 

measurements outside US houses in residential areas (Hodgson et al., 2002).  The outdoor 

VOC concentrations used in this study are presented in Table 4. The impact on model 

sensitivity of this assumption is discussed in later chapters. 
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Table 4: Mean outdoor VOC concentrations (µg m
-3

) used in the model for all study locations 
(Hodgson et al., 2002; Sarwar et al., 2002; Carslaw et al., 2015). 

Compound Concentration [µg m
-3

] 

2-butoxyethanol 1.00 

Acetaldehyde 5.20 

Acrolein 4.60 

α-pinene 1.60 

Benzaldehyde 1.10 

Benzene 0.77 

Ethylbenzene 0.60 

Formaldehyde 4.60 

Limonene 4.30 

n-hexane 1.30 

Propionaldehyde 2.00 

Styrene 0.98 

Tetrachloroethylene 0.23 

Toluene 3.10 

Trichloroethylene 0.02 

Xylenes 2.30 

Cyclohexane 0.20 

Ethane 1.04 

Propane 0.91 

Acetone 7.95 

Methanol 4.40 

Ethanol 63.70 

2-propanol (isopropanol) 1.90 

Isopropylbenzene 0.03 

Phenol 7.81 

Ethylene (ethane) 0.60 

Propene 0.30 

Isoprene 1.90 

3-Carene 0.20 

Hexanal 1.54 

Heptanal 0.70 

Octanal 1.54 

Nonanal 5.90 

Decanal 0.71 

 

The mean indoor VOC concentrations used in the model are shown in the Table 5. For 

indoor VOC concentrations, the emission rates presented in Sarwar et al. (2002) for typical 

indoor environment or in Zhu et al. (2013) for Canadian homes were adjusted according to air 
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exchange rate and room dimensions and then used to provide background indoor 

concentrations representative for all of the case studies. The exception is those species for 

which indoor sources were explored in detail in later chapters (C6-C10 aldehydes as for 

Chapter 4; species typical for skin and breath emissions as described in Chapter 5), where 

indoor emissions were set up as described.  

 

Table 5: Mean indoor background VOC concentrations (µg m
-3

) presented in the model for Milan and 
Seoul case studies (Sarwar et al., 2002; Zhu et al., 2015). 

Compound Concentration [µg m
-3

] 

2-butoxyethanol 3.0 

Acetaldehyde 9.1 

α-pinene 5.6 

Benzaldehyde 2.8 

Benzene 1.0 

Ethylbenzene 1.4 

Formaldehyde 25.0 

Limonene 21.3 

Styrene 0.7 

Toluene 7.9 

Xylenes 2.4 

Cyclohexane 0.5 

Ethane 3.1 

Propane 2.7 

Isopropylbenzene 0.1 

Ethylene (ethene) 1.7 

Propene 0.9 

3-Carene 1.3 

 

3.8 Running the Model 

The INDCM includes approximately 20,000 gas-phase chemical and photolysis reactions, 

as well as a representation of indoor-outdoor exchange, VOC emissions and surface 

deposition (Carslaw, 2007). Moreover, the INDCM model includes an inorganic scheme for 
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ozone, NOx, sulphur dioxide and carbon monoxide. Indoor temperature was assumed to be 

27
o
C and relative humidity (RH) 45% (Carslaw et al. 2015) unless stated otherwise. 

The model considers a single well-mixed environment and assumes that  

the concentration of each species is calculated according to equation 16 (Carslaw et al., 

2012): 

 

𝑑𝐶𝑖

𝑑𝑡
= −𝑑 (

𝐴

𝑉𝑖
) 𝐶𝑖 + 𝜆𝑟𝑓𝐶𝑜 − 𝜆𝑟𝐶𝑖 +

𝐸𝑖

𝑉𝑖
+ ∑ 𝑅𝑖𝑗

𝑛
𝑗=1  

 

where Ci (Co) is the indoor (outdoor) concentration of species (molecule cm
-3

), 𝑑 its 

deposition velocity (cm s
-1

), A the surface area indoors (cm
2
), Vi the volume of air in  

the indoor environment (cm
3
), λr the air exchange rate between indoors and outdoors (s

-1
), 𝑓 

the building filtration factor, Ei the indoor emission rate for species i (molecule cm
-3

 s
-1

) and 

Rij the reaction rate between species i and j (cm
3
 molecule

-1
 s

-1
).  

The INDCM box model runs in FACSIMILE format using MCPA software. 

FACSIMILE works by solving differential equations (equation 16) for all species and 

through pragmatic time step selection with the focus on modelling the kinetics of chemical 

and physical systems. Figure 17 presents a screenshot of FACSIMILE modelling format to 

illustrate an example of the model code used for the INDCM model.  The model takes 

approximately 30 minutes to perform a single model run on a powerful desktop PC.  

The model is run for 3 days and then output used from day 3 to ensure that the model has 

reached steady-state.  

 

 

(16) 
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Figure 17: Screenshot of the FACSIMILE modelling format used in the INDCM model. 

 

This chapter has described the methodology used in this dissertation. In the next 3 

chapters, there is a description of how the model has been developed. The main area for 

development has been to add more detailed surface interactions as described in Chapters 4 

and 5. In addition, new schemes have been developed for several higher aldehydes such as 

nonanal and decanal (Chapter 4). The model results have been performed and compared for 

the apartment scenario in Milan and Seoul during a heatwave (Milan 2003) and for typical 

(Milan 2009 and Seoul) summer time conditions (Chapter 4 and 5). Additionally, Chapter 5 

compares the modelling results of human occupancy in the apartment scenario with  

a bedroom and a classroom scenario. Chapter 6 presents the modelling results of cleaning 

activity indoors. 
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4. Secondary pollutants formation following ozone-surface interactions  

 

4.1 Background and introduction  

Many sources contribute to indoor air pollution. Indoor contaminants can originate outdoors 

(i.e. ozone (O3), nitrogen oxide (NOx), particulate matter (PM)), however there are also 

significant sources indoors (Marchand et al., 2006). The main indoor air pollutant sources are 

indoor activities such as cooking (e.g. NOx, PM) (Lee et al., 2002), smoking (such as 

formaldehyde (HCHO), PM) (Lin et al., 2007) or cleaning (e.g. terpenes) (Wolkoff et al., 

1998). An increasingly active area of research for indoor air pollution is that driven by 

emissions from internal materials such as carpets, painted walls or furniture (Clausen et al., 

2000; Nazaroff and Weschler, 2004; Coleman et al., 2008).  

Species can be emitted directly from a surface (primary pollutants), but also following 

gas-phase transformations or interactions at surfaces (secondary pollutants) as shown in 

Figure 18. Furthermore these processes form an effective means of removing air pollutants 

prone to deposition, i.e. ozone, from indoor air, and consequently the concentrations of these 

species are much lower indoors than outdoors (Morrison, 2015).   

 

 

Figure 18: Primary and secondary VOC formation following surface deposition of ozone through 

oxidation processes and gas-phase transformations. 

 

Following ozone deposition and surface oxidation, a wide range of primary and secondary 

pollutants can be formed. Furthermore, secondary pollutants from surface production can be 

more damaging for human health than the primary emissions, causing asthma and pulmonary 

infections (Mendell, 2007) and thus warrant further investigation. Porous and fleecy surfaces, 
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such as carpets and soft furniture are important sinks of ozone, and are also able to form  

a wide range of higher (C6 and above) aldehydes (Lin and Hsu, 2015). According to  

the European Chemical Agency (ECHA), C6-C10 aldehydes are expected to cause eye, skin 

and potential respiratory irritation. Therefore, emissions of higher aldehydes following 

surface interactions indoors may cause adverse health effects. The age of the material is also 

significant because emission rates tend to be higher for new materials and reduce as  

a material becomes older (Kim et al., 2006; Wang and Morrison 2006). Morrison and 

Nazaroff (2000) termed this process ‘ozone aging’. Ozone can oxidize the available 

unsaturated bonds in a surface coating over time, leading to decreasing ozone uptake and also 

decreasing emission rates of secondary pollutants from this source. Examples of primary and 

secondary VOCs emissions following surface interactions are presented in Table 6. In terms 

of modelling studies, current indoor air models do not take into account surface interactions 

indoors, their impact on indoor air chemistry and secondary pollutants formation.  
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Table 6: Primary and secondary VOCs emissions from surface (Knudsen et al., 1999; Hodgson et al., 
2002; Morrison and Nazaroff, 2002; Wang and Morrison, 2006). 

Surface Primary VOC  Secondary VOC  

Carpet C11-C13 alkenes 

Cycloalkenes 

4-phenylcyclohexane 

Dodecanol 

Branched alkenes 

Aliphatic aldehydes 

Benzene 

Increased production of 

C11-C13 aliphatic  

n-aldehydes 

Unsaturated aldehydes 

(mostly 2-nonanal, 

hexanal, heptanal,  

2-octanal, decanal) 

Ketones: 2-butanone,  

2-pentanone, 2-hexanone,  

2-heptanone 

Painted gypsum board 2-Butoxyethoxyethanol 

1,2-Propandiol 

Texanol 

 

Formaldehyde 

Acetone 

Acetaldehyde 

Higher aldehydes: octanal, 

nonanal, decanal 

Fatty acids 

Plywood α-pinene 

d-Limonene 

Aliphatic aldehydes 

 

Formaldehyde 

Acetaldehyde 

Benzaldehyde 

Propionaldehyde 

Pentanal, Hexanal, 

Heptanal, Octanal, 

Nonanal 

PVC/Linoleum 2-Butoxyethoxyethanol 2-Ethyl-1-hexanol 

Phenol 

Higher aldehydes: 

hexanal, heptanal, octanal, 

nonanal, decanal 
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Given the evidence for building material emissions indoors and the potential for 

adverse health effects to arise from secondary chemistry following their use, increasing 

attention is being paid to green building materials. Generally unconventional, green materials 

are designed for building occupants to live in a healthier environment, improve indoor air 

quality and reduce environmental impact (James and Yang, 2005). The green material 

attributes (e.g. recycling content, reduced humidity or emissions of VOCs) are then defined 

either by a guideline/certification organisation or by the manufacturer (Sharma and Mehta, 

2014). Clearly, if green materials are used indoors, they are expected to have low emissions 

of VOCs and therefore there may be a significant improvement in indoor air quality (Lamble 

et al., 2011).  

 

4.2 Aims of the Chapter 

The principal aim of this Chapter is to investigate secondary pollutant formation following 

surface interactions indoors for the case-study indoor environments. The concentrations of 

several aldehyde species can reach appreciable concentrations indoors, particularly when 

outdoor ozone concentrations are enhanced such as during clear-sky, high pressure conditions 

(Apte et al., 2008). This is a concern, as there is the potential for an increased frequency of 

polluted episodes as the climate warms, particularly in big cities (Marlier et al., 2016). 

Currently, in the absence of measurements, detailed chemical models need to be developed to 

understand processes of surface interactions indoors and their impact on indoor air chemistry 

in a real building case scenario. 

This chapter identifies the key chemical species that are formed when indoor surfaces 

interact with indoor air pollutants. Thus, this chapter first describes the model development 

including surface product formation following ozone deposition. Furthermore the chapter 

describes in detail key parameters used for the model improvements: the ozone deposition 

velocity and yields of the key surface products. Moreover it presents a sensitivity analysis test 

for the apartment in Milan during typical summer time conditions, considered as a base case 

scenario. Then, it describes the comparison of ozone deposition onto different types of 

surfaces in the case study scenarios in Milan and Seoul. Finally, this Chapter compares 

conventional surface emissions with those from so-called ‘green’ materials and therefore it 

evaluates their impact on indoor air chemistry. 
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4.3 Methodology 

4.3.1 Model development 

The INDCM has been developed based on previous work by Carslaw (2007) and Carslaw et 

al. (2012) as described in the previous chapter. In this study, the INDCM has been improved 

to consider ozone deposition onto different types of surface, as well as emissions of higher 

aldehydes following surface interaction. The ozone loss rate to a surface is calculated 

according to the equation 17:  

                                               Fs1…n = 𝑑𝑂3  
𝐴𝑠

𝑉𝑖
                                                  (17) 

where, Fs1…n is the ozone deposition flux to the surface from 1 to n number of surfaces (s
-1

), 

dO3  is the total ozone deposition velocity to a surface (cm s
-1

), As is the surface area (total 

area of a specific surface type) (cm
2
), Vi is the total volume of the indoor environment (cm

3
).  

The emission of the surface products was calculated using equation 18 (Morrison and 

Nazaroff, 2002):  

                                       Esec,1…n  = 
𝐴𝑠 𝑌 𝐶𝑂3 𝑑𝑂3  

𝑉𝑖
                                                       (18) 

where Esec,1…n is the relevant secondary product emission rate from 1 to n number of surfaces 

(molecule cm
-3

 s
-1

), Y is the aldehyde yield of the emitted pollutant and 𝐶𝑂3 is the bulk indoor 

ozone concentration (molecule cm
-3

).  

 

4.3.2 Ozone deposition velocity 

Surface deposition depends on two main processes: the transport of ozone  

to the surface and the uptake to the surface. Transport to the surface is determined by  

the thickness of a boundary layer (Reiss et al., 1994). The rate of ozone that is removed from 

indoor air (ozone loss) is proportional to the indoor ozone concentration, the air exchange 

rate, the surface area with a characteristic deposition velocity different for each surface 
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material and a total volume of indoor space that is taken into consideration (Fisher et al., 

2013).  

Ozone can undergo a number of loss processes depending on the conditions, but 

deposition usually dominates. Indoor surfaces range from highly reactive (i.e. carpet) to 

poorly reactive (i.e. glass). The deposition rate for materials like carpet is mostly limited by 

external mass transport, while deposition to glass is typically limited by surface reaction 

kinetics (Weschler, 2000). Each type of material has a different structure and therefore 

resistance to uptake of gases. The total surface resistance constitutes of the surface resistance 

and the air transport resistance (which also includes the boundary layer resistance). Thus  

the uptake of ozone from indoor air is different for each type of surface, characterised by  

a specific deposition velocity (Grontoft and Raychaudhuri, 2004). The deposition velocities, 

which are the inverse of the resistance, can be described by equation 19: 

 

                                                             𝑑𝑂3
 = 

1 
1

𝑠
+

1

𝑡

                                                  (19) 

 

where 𝑠  is the surface deposition velocity defined for a specific material (cm s
-1

) and 𝑡 is  

the deposition velocity at the air transport limit (cm s
-1

) (Cano-Ruiz et al., 1993). 

Based on a review of available literature (i.e. Klenø et al., 2001; Grontoft and 

Raychaudhuri, 2004; Nicolas et al., 2007), data distribution for characteristic velocities for 

ozone deposition on different type of materials was defined in terms of minimum, 25% of 

data distribution, median value, 75% of data distribution, and maximum values (Figure 19).  

 

http://pubs.acs.org/author/Klen%C3%B8%2C+Jacob+G
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Figure 19: Ozone deposition velocity onto different indoor surfaces, considering minimum, 25% of 

data distribution, median value, 75% of data distribution and maximum value of ozone velocity 

deposition [cm/s]. ‘n’ symbol depicts number of measurements done for ozone deposition velocity at 

each type of the surface and green dash median value (Sabersky et al., 1973; Reiss et al., 1994; 

Morrison and Nazaroff, 2000; Klenø et al., 2001; Grontoft and Raychaudhuri, 2004; Tamás et al., 

2006; Wang and Morrison, 2006; Nicolas et al., 2007; Poppendieck et al., 2007; Coleman et al., 2008; 

Hoang et al., 2009; Wang and Morrison, 2010; Wisthaler and Weschler, 2010; Lamble et al., 2011; 

Gall et al., 2013; Lin and Hsu, 2015; Rim et al., 2016). 

 

The distribution of reported ozone deposition velocities onto different indoor surfaces 

(presented in Figure 19) shows that relatively large differences in the ozone deposition 

velocity exist both within and between surface types. Relatively big differences in ozone 

deposition velocity depend on the measurement technique, the conditions (e.g. near-surface 

air velocities) and the duration time of the measurements. For instance, Klenø et al. (2001) 

was using the Field and Laboratory Emission Cell (FLEC) as a measurement method and  

the ozone concentration was approximately 50 ppb. However, Wang and Morrison (2010) did 

the measurements in the field, where the ozone concentration was up to 150 ppb. Therefore, 

ozone concentration measured during the experiment could have an impact on the deposition 

velocity indoors. Moreover, differences in ozone deposition velocity within the same type of 

material are caused by the age of the material, the chemical composition of the surface 

coating, its gas permeability, the type and the porosity of the substrate material, as well as  

the presence of a film on the surface (Drakou et al., 1998; Klenø et al., 2001; Grontoft and 

http://pubs.acs.org/author/Klen%C3%B8%2C+Jacob+G
http://pubs.acs.org/author/Klen%C3%B8%2C+Jacob+G
http://pubs.acs.org/author/Klen%C3%B8%2C+Jacob+G
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Raychaudhuri, 2004; Gall et al., 2015). For instance, latex paint shows the lowest ozone 

deposition velocity whereas painted gypsum board has the highest one for painted walls 

(Reiss et al., 1994; Klenø et al., 2001). Painted wood materials are characterized by 2-5 times 

larger values of ozone deposition velocities than the values on oiled or lacquered wood 

materials (Klenø et al., 2001). Lin and Hsu (2015) noted that fleecy and spongy materials are 

described by higher deposition velocities than plane and smooth surfaces. Finally, Abbass et 

al. (2017) noted that the fiber material used within carpets had a large effect on both ozone 

deposition and also subsequent oxidation-derived aldehyde emissions. 

Figure 19 also shows ozone deposition velocity to human body to show the 

comparison within all the indoor surface materials. The ozone deposition velocity to a human 

body surface corresponds to the air movement around the human envelope (Wisthaler and 

Weschler, 2010). Therefore deposition velocity values depend on the measurement 

environment, for instance if the measurements were done in the real environment or in  

a chamber. For instance, due to a lower air exchange rate, a lower indoor ozone concentration 

and fewer occupants, the ozone deposition velocity onto people measured in an office was 

larger (0.4-0.5 cm s
-1

) (Coleman et al., 2008) than those (0.20 – 0.23 cm s
-1

) reported for 

passengers in a simulated aircraft cabin (Tamás et al., 2006). Note that human body surface 

included clothing in both cases. 

 

4.3.3 C6-C10 aldehydes yields  

Molar yield is determined as the average molar emission rate of carbonyl compounds formed 

due to the reaction of the surface material with ozone, divided by the molar flux of ozone to 

the surface (Cheng et al., 2015). Hexanal, heptanal, octanal, nonanal and decanal are  

the carbonyls generated with the highest yields as secondary pollutants from building 

surfaces (Wang and Morrison, 2006). Although lower molecular weight carbonyl species are 

also emitted from surfaces, far less data are available. The indoor concentrations of  

the aldehyde species arise from emissions indoors, indoor-outdoor exchange and in some 

cases, additional gas-phase chemistry. Outdoor concentrations were based on Hodgson et al. 

(2002).  

Degradation mechanisms were absent in the MCM for octanal, nonanal and decanal, 

so new schemes have been developed based on analogy with the existing heptanal scheme. 

The reaction rate coefficients for OH with higher aldehydes were taken from the literature, 

http://pubs.acs.org/author/Klen%C3%B8%2C+Jacob+G
http://pubs.acs.org/author/Klen%C3%B8%2C+Jacob+G
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with 3.2 x 10
-11

 cm
3 

molecule
-1

 s
-1

 used for octanal (Chacon-Madrid et al., 2010), 3.6 x 10
-11

 

cm
3 

molecule
-1

 s
-1

 for nonanal (Bowman et al., 2003) and 3.6 x 10
-11

 cm
3 

molecule
-1

 s
-1

 was 

also assumed for decanal, based on the literature values for nonanal and undecanal both being 

this value (Bowman et al., 2003; Chacon-Madrid et al., 2010).  For instance, for the nonanal 

scheme, the following code was added to the model (Figure 20): 

 

 

Figure 20: Nonanal scheme from the model. Note that species names are all from the MCM protocol 
(MCM, University of Leeds). 

 

Many of the species formed on the right hand side (e.g. OCTO2) were already in the model 

mechanism and hence their further degradation was automatically treated. For ‘new’ species 

(e.g. C8H17CO3), new degradation reactions were added as required, following the protocol 

defined in Jenkin et al. (1997).  

Wang and Morrison (2006) measured aldehyde yields for different surfaces following 

uptake of ozone in four homes, calculated as a summer and a winter average as well as yields 

from two new (one and two years old) and from two old (12 and 14 years old, without 

refurbishment) homes in summer time. In order to calculate the oxidation-derived emissions 

of higher aldehydes from surfaces as defined in the Methodology section (Section 4.3), 
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average aldehyde yields were used. Table 7 shows aldehyde yields in summer from new and 

old homes surfaces and also calculated as an average of the two. New surfaces typically have 

higher yields than older ones, with the exception of painted walls, though few results exist for 

this surface. 

 

Table 7: Aldehyde yields (calculated as average values adopted from measurements data) in summer 

for average age, new and old homes surface type (Wang and Morrison, 2010). Note that figures are 
rounded to 2 significant figures. 

Surface 

type 

Compound No. of 

measurements 

(n) 

Average age 

surface 

aldehyde 

yield (±SD) 

New home 

surface 

aldehyde 

yield  

Old home 

surface 

aldehyde 

yield  

 

Carpet  

and soft 

furniture 

Hexanal  

 

16 

0.03 (±0.03) 0.03 0.03 

Heptanal 0.01 (±0.01) 0.01 0.00 

Octanal 0.01 (±0.02) 0.01 0.01 

Nonanal 0.06 (±0.03) 0.08 0.04 

Decanal 0.03 (±0.03) 0.04 0.02 

 

Painted 

wall 

Octanal  

3 

0.01 (±0.02) 0.00 0.03 

Nonanal 0.13 (±0.18) 0.03 0.34 

Decanal 0.04 (±0.07) 0.01 0.12 

 

 

Countertop 

Hexanal  

 

12 

0.08 (±0.05) 0.09 0.06 

Heptanal 0.02 (±0.02) 0.03 0.02 

Octanal 0.01 (±0.01) 0.01 0.02 

Nonanal 0.26 (±0.15) 0.33 0.19 

Decanal 0.03 (±0.04) 0.04 0.03 

 

 

Linoleum 

Hexanal  

 

7 

0.07 (±0.06) 0.08 0.06 

Heptanal 0.01 (±0.01) 0.01 0.00 

Octanal 0.01 (±0.02) 0.02 0.01 

Nonanal 0.13 (±0.10) 0.20 0.04 

Decanal 0.03 (±0.04) 0.05 0.00 
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Since the data for aldehyde yields for wooden materials were not available, direct 

emission rates were calculated using literature data for different types of wooden materials 

following the results summarized by Hodgson et al. (2002), Nicolas et al. (2007) and 

Plaisance et al. (2014). Average emission rates measured for wooden floor and hard furniture, 

which were used in the model runs, are presented in Table 8. 

 

Table 8: Average emission rates of higher aldehydes measured for wooden floor and hard furniture 

(Hodgson et al., 2002; Nicolas et al., 2007 and Plaisance et al., 2014). 

Material Hexanal 

(µg m
-2

 h
-1

) 

Heptanal 

(µg m
-2

 h
-1

) 

Octanal  

(µg m
-2

 h
-1

) 

Nonanal 

(µg m
-2

 h
-1

) 

Decanal 

(µg m
-2

 h
-1

) 

Wooden floor 62.2 3.7 7.2 40.4 1.3 

Hard furniture 76.3 11 20 17 - 

 

4.3.4 Surface to volume ratio  

Following the methodology presented in Chapter 3, the case study apartment has different 

internal surfaces. Since different surfaces in the apartment (volume = 168 m
3
) have different 

surface areas, each material is defined by a different surface to volume ratio.  

The surface to volume ratio for different surfaces in the apartment was calculated and is 

presented in Table 9. The biggest surface to volume ratio was for painted walls (and ceilings), 

given that they have the largest internal surface area in the apartment. 

 

Table 9: Surface to volume ratio calculated for the surface types in the apartment. 

 Carpet 

and soft 

furniture 

Painted 

wall 

Countertop Linoleum Wooden 

floor 

Hard 

furniture 

Surface to 

volume 

ratio (m
-1

) 

0.21 1.18 0.11 0.07 0.30 0.13 
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4.4 Results and discussion 

4.4.1 Model sensitivity analysis  

Given the large uncertainty ranges in some of the input parameters, a series of sensitivity tests 

has been carried out to investigate the effect of changing key parameters on the predicted 

concentrations of C6-C10 aldehydes. Key parameters were varied within uncertainty limits 

(e.g. rate coefficients) or within a typical observed range. Transmission of outdoor UV and 

visible light through the windows was varied between 0.15% and 25% for UV light and 

between 0.7% and 75% for visible light (Carslaw, 2007). Ozone deposition velocities were 

varied such that all values were set to the 25
th

 percentile or the 75
th

 percentile values of  

the range reported in the literature as indicated in Section 4.3.2. Selected rate coefficients 

were varied to the maximum values of their uncertainty range according to IUPAC (2016) as 

per the method reported by Carslaw et al. (1999). Key outdoor concentrations of ozone, NOx 

and surface to volume ratio values were either increased or decreased by 50% and the effect 

of using the aldehyde yields for new and old materials instead of the average yields also 

investigated. The concentrations of the C6-C10 aldehydes were then investigated between 

09:00 and 17:00 h for the conditions described earlier in the Methods section. The results 

from the sensitivity analysis are shown in Table 10.  
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Table 10: Sensitivity test results: the % change in concentrations of C6-C10 aldehydes in  

the apartment in Milan for typical summer conditions (AER = 0.76 h
-1

) relative to baseline conditions. 

Baseline concentrations are hexanal as 2.7 ppb, heptanal 0.5 ppb, octanal 0.8 ppb, nonanal 6.5 ppb, 
decanal 1.7 ppb. 

Scenario Hexanal Heptanal Octanal Nonanal Decanal 

UV=0.15%, VIS=0.7% -4.9 -4.8 -4.7 -5.6 -6.0 

UV=25%, VIS=75% 30.0 29.6 29.1 34.1 36.4 

𝑑 25
th

 percentile -36.9 -17.8 -31.6 -21.4 -34.2 

𝑑 75
th

 percentile -29.0 -36.2 15.5 38.1 50.5 

k(OH+Nonanal)*1.19 -0.1 -0.1 -0.1 -0.6 0.1 

Outdoor O3*0.5 -53.5 -48.0 -46.8 -52.7 -55.2 

Outdoor O3*1.5 55.8 50.1 48.9 55.0 57.6 

Outdoor NOx*0.5 15.5 14.0 13.7 15.5 16.2 

Outdoor NOx*1.5 -16.5 -14.9 -14.6 -16.4 -17.2 

Outdoor C6-C10*0.5 -3.3 -7.9 -8.9 -3.7 -1.5 

Outdoor C6-C10*1.5 3.3 8.0 9.0 3.7 1.5 

Surface-volume*0.5 5.2 9.9 10.4 7.4 7.4 

Surface-volume *1.5 -11.1 -10.4 -10.3 -8.1 -7.4 

Old materials 10.2 -18.7 10.5 5.0 6.3 

New materials -5.9 14.4 -24.5 4.0 -15.6 

 

The model predictions are sensitive to a number of factors, particularly changes in 

deposition velocities, photolysis rates, outdoor ozone concentration and the age of  
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the materials considered. Uncertainties in deposition velocities are clearly key factors for 

model output. For instance, under baseline conditions, 26% of ozone deposition is to  

the walls, but this becomes 63% for the 75
th

 percentile run and affects the resulting aldehyde 

concentration mix. Yields of hexanal and heptanal are reported to be very low from painted 

walls (Wang and Morrison, 2006; Liu et al., 2006), therefore increasing the rate of ozone 

deposition to walls does not lead to much increase in their concentrations. As Figure 19 

shows, the median deposition velocity value is closer to the 25
th

 percentile for some surfaces 

and 75
th

 for others, reflecting the large range of values currently existing in the literature.  

The age of the surface also affects the aldehyde yields, which in turn affects aldehyde 

production rates and concentrations. Table 7 shows that the relatively few measurements of 

aldehyde yields from walls suggest rates are higher from older materials. Consequently, in 

the sensitivity tests in Table 10, some aldehyde concentrations are higher for new materials 

whilst others are higher for older materials compared to the baseline. Clearly, far more 

information about these parameters in real world environments would reduce model 

uncertainties considerably. 

The model predictions are less sensitive to the photolysis rates assumed, the outdoor 

NOx concentrations and variations in the surface to volume ratio. For instance, increasing 

photolysis rates based on the upper bounds of transmitted light through windows (Drakou et 

al., 1998) increases the predicted aldehyde concentrations by ~30-36%. However either  

the increase or decrease of surface to volume ratio by 50% changes the C6-C10 concentrations 

by only 5-10%. Doubling or halving outdoor NOx concentrations decreased or increased 

respectively, the concentrations of C6-C10 aldehydes by ~15%. 

These sensitivity tests provide an estimate of the likely range of the model indoor 

aldehyde concentrations given the uncertainties in the input values. Clearly, the largest source 

of uncertainty in the model output, taking into consideration the analytically measured 

parameters only, is driven by the uncertainty in the deposition velocities. As model sensitivity 

to the 25
th

 and 75
th

 percentile values of this parameter was investigated, the uncertainties in 

the model estimates of aldehyde concentrations are estimated to be approximately double  

the sensitivity reported to the deposition velocities, so 80-100%. 

 

4.4.2 Ozone surface deposition 

The model results show that approximately 85% of the indoor ozone is deposited onto 

internal materials for both typical and extreme summer conditions (note that model inputs are 
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the same for the three runs except for outdoor ozone and NOX concentrations). However 

different types of surface are more effective ozone sinks than others (Figure 21). In terms of 

total ozone deposition to each surface, most is deposited on the painted wall and ceilings and 

to the soft furnishings (both around 30% of the total). Bearing in mind that the painted wall 

surface in total is approximately 6 times larger than the soft furniture surface, the carpets and 

soft furniture are potentially the most efficient surface type (when human occupants are not 

included) for ozone removal in the indoor environment. The deposition velocities presented 

in Figure 19 suggest that carpets and soft furniture are expected to be highly reactive 

materials for the indoor environment with linoleum and hard furniture the least. Ozone 

deposition onto human bodies is described in detail in the next Chapter. 

 

 

Figure 21: Ozone loss [ppb] onto different surface types in the apartment when different conditions 

occur outdoors and for two locations, Milan and Seoul. 

 

 The results show that approximately 75% of ozone indoors is deposited onto  

the surfaces in the apartment. The highest total ozone loss (~40 ppb) is estimated for  

the apartment in Milan when summer heatwave conditions occur. Since ozone loss is 

proportional to the ozone concentration indoors, the highest ozone concentration indoors is in 

Milan during heatwave conditions (~53 ppb with the absence of surface interactions indoors) 

and thus the highest ozone loss onto the surfaces takes place for these conditions.  
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4.4.3 Surface production 

The average production rates of C6-C10 aldehydes following surface interactions of ozone 

with different surfaces have been investigated as discussed in the Methods section. Note that 

the impact of human skin emissions on the total aldehyde concentrations in the apartment will 

be expanded in the Chapter 5. The concentrations of aldehydes formed following ozone 

deposition were analyzed and categorized by surface.  

Figure 22 presents the C6-C10 aldehyde mixing ratios in the apartment during typical 

summer conditions in Milan (AER = 0.76 h
-1

). Painted walls, due to having the largest 

surface-volume ratio, made the biggest contribution to indoor nonanal and decanal 

concentrations, with countertops and soft furniture also providing a significant fraction of  

the total, given the high yields presented in Table 4.1. For hexanal, secondary emissions from 

wooden floors were most important.  

 

 

Figure 22: C6-C10 aldehyde concentrations indoors following ozone surface deposition in the Milan 

apartment for typical summer conditions. 

 

 Similar tests of the model were performed for two other case studies, the apartment in 

Milan during heatwave conditions outdoors and the apartment in Seoul for typical summer 

conditions (Figure 23 and 24 respectively). 
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Figure 23: C6-C10 aldehyde concentrations indoors following ozone surface deposition in the Milan 

apartment for heatwave summer conditions. 

 

 

Figure 24: C6-C10 aldehyde concentrations indoors following ozone surface deposition in the Seoul 

apartment for typical summer conditions. 

 

 Secondary pollutant formation following ozone – surface interaction is proportional to 

the ozone concentration indoors. The highest ozone concentration indoors is in Milan during 

heatwave summer conditions (~12 ppb). Nonanal, which shows the highest indoor 
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concentration for all of the higher aldehydes studied, reaches 9 ppb during the heatwave 

conditions in Milan, with the highest emission from the painted wall and the soft furniture. 

Much lower concentrations of the higher aldehydes were predicted for the apartment in 

Seoul, since the indoor ozone concentration was lowest (~5.5 ppb) out of the three study 

locations/conditions. Thus the nonanal concentration was only predicted to reach ~4.5 ppb. 

Likewise, higher aldehyde concentrations predicted for the apartment in Milan during typical 

summer conditions were proportional to the indoor ozone concentration (~8 ppb) and 

therefore the nonanal concentration was predicted to be ~6.5 ppb.  

There are very few studies with which to compare these predictions of C6-C10 

aldehydes indoors and they are not directly comparable. However, the modelling results are 

in reasonable agreement with a study that reports measured values in ~4000 Canadian 

households (Zhu et al., 2013), though tend to be on the higher end of the measured ranges 

(75
th

-99
th

 percentile) except for hexanal which is closer to the geometric mean. Likewise, 

both Reiss et al. (1995) and Marchand et al. (2006) report mean hexanal concentrations of ~2 

ppb, whilst Liu et al. (2006, 2007) report mean concentrations of closer to 1 ppb. For 

nonanal, the predicted concentrations are relatively high compared to the measurements of 

Zhu et al. (2013), who report a  99
th

 percentile value of ~2.5 ppb. However, the painted walls 

make a significant contribution to the predicted concentrations and the yield values used are 

based on relatively few measurements. Clearly, the assumptions made about the surfaces in 

the apartment used for this modelling study compared to those that existed in real buildings 

where measurements were made will be significant in any comparison. Whilst the predicted 

values appear to be representative of the magnitudes observed, there is a clear need for more 

measurements to help validate models results. Although indoor surfaces can be quite different 

in their initial reactivity, aging and soiling of surfaces may make indoor surfaces more similar 

than different over time (Nazaroff et al., 1993). In a study of four homes, Wang and Morrison 

(2006) showed that older carpet was less reactive than new carpet; but that kitchen 

countertops tended to remain reactive regardless of age and that this was probably due to 

continuous application of cooking oils and/or cleaning agents. Therefore, models will benefit 

from more extensive field measurements of ozone surface reactivity (deposition velocity and 

product yields) in occupied homes, as well as information on surface interactions for indoor 

pollutants other than ozone.  
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4.4.4 Impacts of oxidation-derived surface emissions on chemical processing indoors 

The INDCM was used to investigate whether the oxidation-derived emissions of these 

aldehydes also have an impact on chemical processing indoors. In order to understand exactly 

how the chemistry changes when the oxidative production of these aldehydes are included, 

compared to when they are absent, a rate of production analysis was carried out for the Milan 

apartment during typical summertime conditions (Figure 25). 

The modeled steady-state concentrations of OH, HO2 and RO2 for a model run with 

ozone deposition only (no subsequent emissions) were 4.8 x 10
5
 molecule cm

-3
 and 4.9 and 

6.0 ppt respectively. With surface production of aldehydes included, the same concentrations 

were 3.7 x 10
5
 molecule cm

-3
 and 4.0 and 5.5 ppt respectively. Clearly, the internal emissions 

affect the subsequent radical concentrations indoors. Considering radical initiation processes 

first, production of HO2 radicals via photolysis of aldehydes increases when ozone-derived 

surface aldehyde emissions and hence concentrations increase. Initiation rates of radical 

formation via O3-terpene reactions remain similar with or without ozone-driven production of 

aldehydes on surfaces, but photolysis of dicarbonyl species becomes less important with the 

emissions included. Dicarbonyls are formed in numerous places in the model mechanism, 

such as through OH attack on alcohol species. The concentration of OH decreases by about 

23% when oxidative production of aldehydes on surfaces is included and hence formation of 

dicarbonyls is also suppressed. 
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Figure 25: Simplified rate of production analysis for the major rates of reaction (10
4
 molecule cm

-3
  

s
-1

) for: ozone deposition and no oxidation-derived aldehyde emissions (figures in bold) and with 

ozone deposition followed by ozone-driven aldehyde surface production (normal font). MT denotes 

monoterpenes (including isoprene). Red arrows denote radical initiation processes, blue arrows are 
termination processes with green arrows representing radical propagation. 

 

In terms of radical propagation, increased aldehyde concentrations enable a higher 

production rate of acetyl peroxy radicals via reaction with OH, which more than offsets  

the decreased formation rate of peroxy radicals from other processes when oxidation-derived 

aldehyde emissions are considered. Perhaps the most interesting difference is when one 

considers the fate of the peroxy radicals through termination processes. Reactions of alkyl 

peroxy radicals with NO to form organic nitrates and of acetyl peroxy radicals with NO2 to 

form PAN-type species dominate RO2 loss whether ozone-driven aldehyde emissions are 

considered or not. The proportion of acetyl relative to alkyl peroxy radicals increases with 

higher aldehyde concentrations enhancing faster formation of PAN-type species. The overall 

concentration of RO2 is similar for both scenarios, but the changed composition shifts  

the termination processes towards formation of the nitrated organic species. Interestingly, 

Weschler et al. (2007) found that the concentration of organic nitrates and PAN-type species 

increased by ~ a factor of 2 when soiled tee-shirts were introduced into an aircraft cabin with 

ozone, compared to when they were absent. Therefore, an important implication of surface 

processing indoors is that more nitrated organic species might be found indoors in  
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the presence of surface emissions, compared to the situation where there is no oxidative 

production of aldehydes on surfaces. 

 

4.5 Emissions from green building materials 

For a better understanding of the potential for ozone removal and secondary pollution 

formation, several experimental studies have investigated emissions from green materials. 

Hoang et al. (2009) showed that ozone deposition velocities and reaction probabilities are of 

the same order of magnitude for green materials as for the conventional ones. Similarly, 

Lamble et al. (2011) reported that there is no substantial difference between ozone uptake by 

green and conventional materials and emissions of secondary pollutants. However, Lin and 

Hsu (2015) reported that deposition velocities for green (unconventional materials defined in 

terms of low VOC emissions) building materials are lower than those for conventional ones. 

For instance, they measured an ozone deposition velocity for a wooden floor of 0.5 m h
-1

, 

compared to 0.3 m h
-1 

for green wooden flooring material. Similarly, Cheng et al. (2015) 

found that green building materials, showing low chemical emission and negligible toxicity, 

typically have lower ozone deposition velocities and secondary emissions than conventional 

materials, especially for gypsum board and wooden floors. For instance, the primary 

emissions of carbonyls over 48 hours from a new conventional wooden floor were ~670 µg 

m
-2

 h
-1

 compared to ~150 µg m
-2

 h
-1 

for the new green wooden floor.  Secondary emissions 

from conventional wooden flooring were measured to be ~90 µg m
-2

 h
-1

 compared to ~19 µg 

m
-2

 h
-1

 for the green version. Likewise, primary emissions over 48 hours from conventional 

gypsum board were ~500 µg m
-2

 h
-1

 compared to ~160 µg m
-2

 h
-1

 for the green gypsum 

board. Secondary emissions from conventional gypsum board were ~70 µg m
-2

 h
-1

 compared 

to ~40 µg m
-2

 h
-1

 for the green one.  

These results vary depending on the study, but the more recent papers (e.g. Cheng et 

al., 2015) indicate that green building materials may have a lower impact on indoor air 

quality than the traditional materials. Several model runs were therefore performed to 

investigate the potential impact of replacing traditional building materials indoors with green 

equivalents for common VOC species indoors, assuming the results from Cheng et al. (2015) 

are representative of the more modern green materials now available. 
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4.5.1 Methodology 

Following the results presented by Cheng et al. (2015), the comparison focuses on  

the selected internal surface types and the primary and secondary emissions of lower 

aldehydes they reported. Cheng et al. (2015) defined that in particular, formaldehyde, 

acetaldehyde, benzene, toluene and xylenes should be considered as priority pollutants 

emitted from building materials owing to health effects. Five different surface types were 

used for these model runs: countertop, linoleum, painted walls, wooden floor and hard 

furniture. Soft furniture is not included due to limited data available in the literature for green 

material emissions from these surfaces. 

From the surface emitted carbonyls measured in Cheng et al. (2015), those that 

already exist in the model and are representative for all the surfaces were included in  

the modelling study. Therefore the model runs included C1-C4 aldehydes (formaldehyde, 

acetaldehyde, propionaldehyde and butyraldehyde) as primary and secondary carbonyl 

emissions for conventional and green materials. Primary emission rates were calculated as  

the sum of the emission rates from different types of surfaces for each compound, according 

to the surface area of each (as defined in Section 4.3.4). Primary emission rates of C1-C4 

aldehydes for conventional and green materials including calcium silicate board, mineral 

fibre ceiling, gypsum board and wooden flooring, measured within 48 hours are presented in 

Table 11. 

 

Table 11: Primary emissions rates of C1-C4 aldehydes [molecule cm
-1

 s
-1

] measured for conventional 

and green surface materials measured within two days after installation (Source: Cheng et al., 2015). 

Compounds Conventional surface materials 

[molecule cm
-1

 s
-1

] 

Green surface materials 

[molecule cm
-1

 s
-1

] 

Formaldehyde 1.02 x 10
9
 1.28 x 10

8
 

Acetaldehyde 4.43 x 10
8
 1.45 x 10

8
 

Propionaldehyde 1.48 x 10
8
 7.86 x 10

7
 

Butyraldehyde 1.40 x 10
8
 6.74 x 10

7
 

 

James and Yang (2005) show that most of the total emissions take place during the first five 

days following installation with an exponential decay emissions profile. Similar conclusions 
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are presented by Cheng et al. (2015) who confirm that average primary emissions from 

building materials were high at the beginning of the experiment and then reduced over  

the subsequent 48 h. For these model runs, it has been assumed that the decay in emission 

rates is exponential. There is very little information on decay rates in emissions from green or 

traditional materials and this is clearly an area that warrants further research. Primary 

emissions of conventional materials were approximately 2-8 times higher than for the green 

ones. The highest difference of the selected compounds in primary emissions showed 

formaldehyde, which was approximately eight times higher for the conventional materials 

than for the green ones. The smallest difference was noted for propionaldehyde, 

approximately two times higher for conventional materials. 

Secondary emission rates were calculated according to Equation 18 described 

previously in this Chapter. The surface to volume ratios for the materials were the same as 

described in Section 4.3.4. Carbonyl yields for the traditional countertop and linoleum 

surfaces were taken from Wang and Morrison (2010), whilst those for traditional painted 

walls, wooden floor and hard furniture as well as the carbonyl yields for all of the green 

materials were taken from Cheng et al. (2015). Yields for the production of carbonyls for 

different types of conventional and green surfaces are shown in Table 12. Molar yields of C1-

C4 aldehydes were approximately 40-70% lower for green materials than for the conventional 

ones.  
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Table 12: Molar yields of C1-C4 aldehydes for conventional and green surface materials after 96 h 
after installation (Wang and Morrison, 2010; Cheng et al., 2015). 

Surface type Formaldehyde Acetaldehyde Propionaldehyde Butyraldehyde 

C
o
n
v
en

ti
o
n
al

 m
at

er
ia

ls
 

Countertop 0.019 0.003 0.014 0 

Linoleum 0.007 0 0.005 0 

Painted 

walls 

0.56 0.25 0.15 0.12 

Wooden 

floor 

0.72 0.39 0.19 0.19 

Hard 

furniture 

0.72 0.39 0.19 0.19 

G
re

en
 m

at
er

ia
ls

 

Countertop 0.0114 0.0018 0.0084 0 

Linoleum 0.0042 0 0.003 0 

Painted 

walls 

0.2 0.1 0.09 0.05 

Wooden 

floor 

0.23 0.14 0.11 0.08 

Hard 

furniture 

0.23 0.14 0.11 0.08 

 

Ozone deposition velocities for the conventional surface materials are used as 

described in Section 4.3.2.  Following the results presented by Cheng et al. (2015), ozone 

deposition velocities for the green materials were estimated as approximately 60% of  

the values used for the conventional materials. 
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4.5.2 Results and discussion 

The model runs were performed to investigate C1-C4 aldehyde concentrations indoors 

assuming either conventional or green building material surfaces in the apartment. Figure 26 

presents a 24-hour profile of total (with no distinction between primary and secondary 

emissions) C1-C4 aldehyde concentrations in the apartment in Milan after material installation 

during typical summer conditions and for traditional building materials. Given that the 

diurnal profiles presented in Figure 26 include ozone dependent secondary emissions, there is 

an increase in concentrations during late afternoon hours. Within these hours ozone 

concentration indoors is the highest and therefore the emissions following ozone surface 

depositions are enhanced. The highest concentrations are for formaldehyde with  

a concentration up to 50 ppb in the late afternoon hours, with propionaldehyde the lowest 

(~17 ppb). The concentration of formaldehyde is below the WHO (2010) guideline value, 

which defines concentrations of formaldehyde below 80 ppb as safe for carcinogenic risk. 

Wolkoff and Nielsen (2010) reviewed the literature on formaldehyde concentrations and its 

heath effect in indoor environments. The review indicated that an average indoor air 

concentration of formaldehyde in residences in Europe and North America was ~40 ppb, 

while for new housing the average concentration exceeded ~80 ppb. Eye and airway irritation 

was reported at concentrations of ~480-800 ppb. Epidemiological studies reviewed by 

Wolkoff and Nielsen (2010) reported no increased cancer risk below a mean concentration of 

1000 ppb. 

Figure 27 shows the same conditions but for green materials. The aldehyde 

concentrations are much smaller than those from the traditional materials. For instance,  

the formaldehyde concentration is about 9 ppb, which is approximately 6 times lower than 

from traditional materials. The highest concentration indoors for green materials is for 

acetaldehyde, which is up to 17 ppb, though still lower than the equivalent run with 

traditional materials. Note that in both of these model runs, the highest concentration of  

the surface-generated aldehydes is when the ozone concentration is highest indoors  

(16:00-20:00 h). 
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Figure 26: Average daily C1-C4 aldehyde concentrations indoors [ppb] after installation of traditional 

building materials in the apartment in Milan during typical summer conditions. 

 

 

Figure 27: Average daily C1-C4 aldehyde concentrations indoors [ppb] after installation of green 

building materials in the apartment in Milan during typical summer conditions. 

To investigate the emissions profile of the materials as they age, further model runs 

were carried out. Figure 28 and 29 show the concentrations that result from primary 
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emissions only, 0, three, six, nine and twelve months after installation. The model results 

reflect the exponential decay rates that were assumed for the material emissions. 

 

 

Figure 28: Annual C1-C4 aldehyde concentrations [ppb] that result from primary emissions from 

traditional building materials in the apartment in Milan during typical summer conditions. 

  

 

Figure 29: Annual C1-C4 aldehyde concentrations [ppb] from primary emissions only from green 

building materials in the apartment in Milan during typical summer conditions. 
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The biggest decrease in the aldehyde concentrations occurs during the first three months after 

installation. For instance, the concentration of formaldehyde decreases from ~45 ppb to ~3 

ppb (Figure 28). Similarly, the acetaldehyde concentration from primary emissions from 

green materials decreases from 14 ppb to 1 ppb after 3 months (Figure 29). In general, C1-C4 

aldehyde concentrations from primary emissions from traditional building materials directly 

after installation (0 months) were approximately 3 times higher than those from the green 

materials. It suggests that the use of green materials is important, particularly for the time 

period following installation of the materials. In the third month after the installation of 

materials, C1-C4 aldehyde concentrations in the apartment in Milan do not exceed 5 ppb for 

the conventional materials and 2 ppb for the green ones.  

The highest concentration from the secondary emissions immediately following 

installation is for formaldehyde (Figures 30 and 31), for both the traditional and green 

building materials. The concentration in the apartment with traditional materials is ~2.5 ppb, 

and ~2 ppb for green materials. For the other aldehydes and for both types of materials, 

concentrations were ~1.5-2 ppb. However, the secondary emissions depend mostly on  

the availability of ozone and surface interactions indoors. In fact, secondary emission 

products from both conventional and green materials become more important after about 3-6 

months (Figure 30 and 31 respectively), as primary emissions become less important and 

more ozone is available to react to produce secondary emissions. Nevertheless,  

the concentrations of the secondary VOCs for both conventional and green building materials 

were within the range of 2-3.5 ppb and 1.5-3 ppb respectively. Given that secondary 

emissions are ozone dependent, the range of secondary VOC concentrations is relatively 

small for both conventional and green materials, in contrast to the primary VOCs. 
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Figure 30: Annual secondary C1-C4 aldehyde concentrations [ppb] in the apartment following surface 

interactions of traditional building materials. 

 

 

Figure 31: Annual secondary C1-C4 aldehyde concentrations [ppb] in the apartment following surface 

interactions of green building materials. 
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In general, the concentrations of aldehydes following secondary emissions for both types of 

materials are relatively stable with time (Figure 32), with a total average concentration of ~10 

ppb for VOCs from traditional materials and ~8.5 ppb for the green materials. The biggest 

difference occurs in the concentrations of aldehydes following primary emissions. The total 

concentration of primary VOCs following conventional materials emissions is ~125 ppb 

whereas for green materials it is ~40 ppb.  

 

 

Figure 32: Total annual primary and secondary C1-C4 aldehyde concentrations [ppb] in the apartment 

for traditional and green building materials. VOC concentrations arising from primary emissions are 

marked with the solid lines and those from secondary emissions with the dashed lines. Red lines 

depict traditional materials, whilst green lines are for green materials. 

 

4.6 Chapter summary 

In this Chapter the surface interactions for typical furnished apartments for different outdoor 

pollution levels and in different locations (Milan and Seoul) was compared. Not surprisingly, 

ozone loss is proportional to the ozone concentration indoors. Therefore, the highest ozone 

loss (~40 ppb) occurs in the apartment in Milan during heatwave summer conditions. In 

general, the results show that approximately 75% of ozone indoors is lost onto the internal 

surfaces. Also, high outdoor ozone concentrations can enhance indoor air pollution and lead 

to higher emissions of C6-C10 aldehydes. For instance, concentrations of nonanal increased by 
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~22% during polluted conditions when compared with more average conditions in Milan. 

Given that heatwaves may possibly become more frequent in future with climate change 

(Solomon et al., 2007), indoor ozone-derived surface aldehyde emissions may also increase. 

Furthermore, the modelling results clearly indicate the impact of surface processes indoors on 

indoor air chemistry. Hence, the concentration of oxidants decreases when surface emissions 

are included. For instance, OH, HO2 and RO2 concentrations decrease by approximately 23%, 

18% and 8% respectively. 

The comparison of traditional and green building materials showed that the green 

materials will likely produce lower concentrations of pollutants indoors. For instance, 

formaldehyde and acetaldehyde average daily concentrations when using green materials 

decrease by ~80% and 60% respectively by comparison with conventional materials.  

The total primary VOC concentrations in the apartment decrease by ~67% following 

installation of green materials. Interestingly, the model results show that the concentrations of 

aldehydes arising from primary emissions of both types of materials are much higher than 

those from secondary emissions over the first 3 months after the installation. After this 

period, secondary emissions become more important and lead to more similar concentrations 

from both sets of materials. The results show that the total secondary VOC concentrations for 

green and conventional materials are ~10 ppb for both green and conventional materials. 

Green materials therefore appear to have the biggest impact on avoiding very high 

concentrations immediately after installation and should be considered to improve indoor air 

quality indoors.  

Given that there are very few measurement data, particularly in actual buildings, there 

is a clear need for more measurements to help validate model results as well as inform 

certification and standardization bodies and materials manufacturers.. Hence, models would 

benefit from more extensive field measurements of ozone surface reactivity (deposition 

velocity and product yields) in occupied homes with both traditional and green materials, as 

well as information on surface interactions for indoor pollutants other than ozone. Also, there 

is lack of health and epidemiological reference studies that would provide comprehensive 

information and allow the modelling results to be more informative for building occupants.   
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5. Human bodies as a source of indoor air pollutants 

 

5.1 Chapter preview 

This chapter estimates the ozone deposition rate onto human bodies for different indoor 

environments including an apartment, a bedroom and a classroom. Following the process of 

ozone deposition, secondary product formation from human skin is explored for the different 

environments and compared to the material emissions explored in Chapter 4. Finally,  

the impact of breath emissions on indoor air quality is explored.  

 

5.2 Introduction 

One surface receiving increasing attention indoors is the human body. Several studies (e.g. 

Tamas et al., 2006; Weschler et al., 2007; Coleman et al., 2008; Wisthaler and Weschler, 

2010; Rai et al., 2014) have shown that presence of humans in the indoor environment 

decreases ozone concentrations, while VOC (e.g. mono and dicarbonyls) concentrations 

increase (Lakey et al. 2016). Therefore humans are recognized as a sink for ozone in  

the indoor environment and also, a source of secondary pollutants (Weschler, 2016).  

The chemicals that constitute human skin oils can be classified as wax esters, 

glycerols, fatty acids, squalene, esters and sterols and contain unsaturated carbon bonds 

(C=C) which readily react with ozone (Wisthaler and Weschler, 2010). For instance squalene 

(a non-volatile triterpene) constitutes ~ 10 % and the fatty acids approximately 25% of 

human skin lipids (Fischer et al., 2013). Following reactions of such species with ozone,  

a wide range of secondary products can be formed, including aldehydes, ketones, acids and 

SOA, some of which might be harmful to health (Weschler et al. 2007; Wells et al. 2008; 

Wisthaler and Weschler, 2010; Mochalski et al. 2014; Nørgaard et al. 2014; Rai et al. 2014).  

The main products of the ozone-squalene reaction (Figure 33) are 4-oxopentanal (4-

OPA), 6-methyl-5-hepten-2-one (6-MHO), acetone and geranyl acetone (Fruekilde et al., 

1998) Additionally, following ozonolysis of unsaturated fatty acids, higher aldehydes can be 

formed, namely hexanal, heptanal, octanal, nonanal, decanal, dodecanal and undecanal 

(Wisthaler and Weschler, 2010) (Table 13). Such compounds may be a concern particularly 

when the indoor ozone concentration is high. For instance, Wolkoff et al. (2013) showed that 

4-OPA and 6-MHO formed through the squalene-ozone reaction are potential sensory and 
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pulmonary irritants and may cause airflow limitation. Furthermore, higher aldehydes such as 

nonanal and decanal might show an adverse health effect, as described in previous chapters 

(Chapter 4).   

 

 

Figure 33: Production of surface-bound and gas-phase primary and secondary products following the 

reaction of squalene with ozone on the human skin. Following ozonolysis of squalene and other skin 

surface-bound primary products, additional gas-phase secondary compounds are produced (Source: 

Wisthaler and Weschler, 2010). 

 

Lakey et al. (2016) developed a kinetic multilayer model of skin surface and 

chemistry, which included both the chemistry of squalene ozonolysis and the physical mass 

transport processes. The model investigated the concentrations of ozone indoors and the gas-

phase products following ozonolysis of the skin. Considering different scenarios indoors (i.e. 

number of people, ventilation rate or the room size), the predicted results showed that  

the ozone concentration decreases while the concentration of gas-phase carbonyl species, 

such as 4-OPA and 6-MHO, increased. For instance, upon exposure of two adults to ~30 ppb 
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of ozone in the room, the concentrations of squalene ozonolysis products increased up to 2.0-

2.5 ppb, whilst the ozone concentration decreased up to ~1.5 ppb. 

Breath is also a significant source of pollutants emitted indoors, including alcohols, 

hydrocarbons, aldehydes and ketones (Fenske and Paulson, 1999). Several studies have 

quantified the major VOCs emitted in the exhaled breath of healthy individuals (within  

the range of weighted averages) such as isoprene (12-580 ppb), acetone (1.2-1880 ppb), 

ethanol (13-1000 ppb), methanol (1.3-2000 ppb) and isopropanol (50-260 ppb) (Conkle et al. 

1975; Phillips and Greenberg, 1991; Hansel et al. 1995; Taucher et al. 1995; Warneke et al. 

1996). The concentrations of the emitted compounds are in the range of ppb to ppm. 

However, their concentrations in the indoor environment depend on the volume of the indoor 

space, air exchange rate, number of individuals indoors and also individual variation such as 

dietary or smoking habits (Filipiak et al., 2012). For instance, a large number of VOCs are 

present in food and drinks, which may contribute to the VOCs detected in exhaled breath. 

Aldehydes can be used as flavoring agents and alcohols (i.e. ethanol) are typically found in 

coffee, tea, beverages and food (i.e. vegetables, fruits, cheese or meat) (Burdock, 2005). 

Filipiak et al. (2012) found 86 compounds in exhaled breath that are related to smoking 

habits: aromatic compounds, hydrocarbons and volatile nitrogen-containing compounds were 

detected with substantially higher peak areas for smokers rather than non-smoking 

participants in the study. 

The rate of ozone deposition and subsequent pollutant formation clearly depends on 

the level and duration of occupancy in the indoor environment, given reactive chemistry 

processes occur on human skin, hair or soiled clothes (Fenske and Paulson, 1999; Zhou et al., 

2016). Not surprisingly, in highly occupied and small indoor spaces, the emission rates of 

pollutants following skin and breath emissions and their impacts on indoor chemistry will be 

more important than for environments with fewer occupants (Petrick and Dubowski, 2009). 

Ventilation rate is, however, critical. Whilst high ventilation rates lead to higher ozone 

concentrations indoors to catalyse surface chemistry, ozone-derived surface emissions might 

be flushed out faster from the indoor environment than at a slower ventilation rate.  

The impact of skin and breath emissions on indoor air chemistry is still unclear, particularly 

for different occupancy and ventilation rates.  
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5.3 Aims 

Since the human body is an important source of pollution indoors, this chapter aims to 

quantify the impact of occupancy for different indoor environments. The ozone deposition 

rate onto human bodies for various occupied indoor environments is quantified and then used 

to assess the impacts of subsequent pollutant emissions on indoor air chemistry through 

model simulations of a range of indoor environments. 

This chapter first outlines the different indoor environments that have been 

considered: an apartment, a bedroom and a classroom in different locations (as defined in  

the previous chapter) such as Milan for typical and heatwave summer conditions and Seoul 

for typical summer conditions. The underlying assumptions made in the representation of 

breath and skin surface emissions are then described for relevant species (Table 13).  

 

5.4 Methods 

Since degradation schemes for many of the species emitted from skin are not currently 

available in the model mechanism (e.g. geranyl acetone and 6-MHO), this study focuses on 

those species that are the largest emitters and already represented in the model mechanism: 

acetone, nonanal, decanal, 4-OPA, formic and acetic acids as products of skin emissions, and 

acetone, methanol, ethanol, isoprene and isopropanol as products emitted from exhaled breath 

(Table 13). 
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Table 13: The most important gas phase reaction products from ozonolysis of human skin and 
emitted from human breath that are represented in the model. 

Source of 

emissions 

Product name Product structure 

H
u

m
a
n

 s
k

in
 e

m
is

si
o
n

s 

sq
u
al

en
e 

o
zo

n
o
ly

si
s 

 

Acetone 

      

CH3 CH3

O

 

 

4-OPA 

 

CH3

O

O

 

 

formic acid 

 

H OH

O

 

 

acetic acid 

 

CH3 OH

O

 

u
n
sa

tu
ra

te
d
 f

at
ty

 a
ci

d
s 

o
zo

n
o
ly

si
s 

 

nonanal 

   

CH3

O

 

 

decanal 

  

O CH3
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Source of 

emissions 

Product name Product structure 
 

B
re

a
th

 e
m

is
si

o
n

s 
 

acetone 

 

CH3 CH3

O

 

methanol 
 

CH3 OH

 

 

ethanol 

 

CH3 OH

 

 

isoprene 

 

CH2

CH3

CH2

 

 

isopropanol 

 

CH3 CH3

OH

 

 

Based on the methodology described in previous chapters (Chapter 3 and 4), 

modelling was performed to investigate human occupancy in the indoor environment.  

The model framework, the case study cities, the air exchange rates, outdoor and indoor 

concentrations of O3, NO2 and NO, the outdoor VOCs concentrations reported for Milan and 

Seoul, the temperature, the humidity, the photolysis rates, and the defined types and surface 
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size indoors remain the same as described in the previous chapter. However to evaluate  

the impact of the human body on indoor air chemistry, new parameters were added. 
 

The surface of the human body was defined as 2 m
2
 for an adult and 1 m

2
 for a child 

(Fisher, 2013). A median value (calculated based on 12 measurements) of ozone deposition 

velocity onto human bodies (0.29 cm/s) was derived from a literature review (Tamas et al. 

2006; Coleman et al. 2008; Wisthaler and Weschler, 2010). Product yields of various species 

following human body – ozone interactions were measured by Weschler et al. (2007) in  

an aircraft cabin and were incorporated in this study (Table 14).  

 

Table 14: Average yields of species from human body emission products following exposure to 

ozone with a stated uncertainty of 15-25%. Number of measurements is 4. (Weschler et al., 2007). 
Note that the yields of acetone, nonanal, formic and acetic acids have been halved (see text). 

Compounds Human body emission 

product yield 

Acetone 0.049 

Nonanal 0.018 

Decanal 0.026 

4-OPA 0.026 

Formic acid 0.0085 

Acetic acid 0.0065 

 

The yields of decanal and 4-OPA reported by Weschler et al. (2007) derive almost 

exclusively from ozone-skin oil chemistry, but the yield of acetone, nonanal, formic and 

acetic acids also reflect emissions from internal surfaces in the aircraft cabin: the yields of  

the latter four species were therefore halved to represent emissions from the skin only 

(Professor Charles J. Weschler, EOHSI, Rutgers University, NJ, USA; personal 

communication). The ozone loss rate to the human body surface and the emission of  

the human body surface products were calculated according to equations 17 and 18 

respectively, described in the previous chapter (4.3.1).  

To calculate breath emissions, this study includes weighted averages of the major 

VOCs found in the exhaled breath, as reported by Fenske and Paulson (1999). These 
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weighted averages considered the results from several studies (Conkle et al., 1975; Phillips 

and Greenberg, 1991, Hansel et al., 1995; Taucher et al., 1995 and Warneke et al., 1996). 

Most of the measured values in human breath showed large variation, owing to variation 

between individual subjects, but also the sampling methods. For instance there is a significant 

difference in the concentration range of VOCs in exhaled breath when subjects of the study 

had different occupational exposure or habits (i.e. smoking).  

The review of Fenske and Paulson (1999) summarises the weighted concentrations of 

numerous VOCs that can be found in the exhaled breath of adults. There is a substantial 

difference in metabolic processes between adults and children. Enderby et al. (2009) 

presented the analysis of VOCs detected in the exhaled breath of children. Note that  

the concentration of isopropanol was not included in the study of Enderby et al. (2009) and 

was calculated as 41 ppb for the purpose of the model runs. The concentration of isopropanol 

was calculated based on the correlation with other alcohol species concentrations identified in 

adults and children breath. Therefore the averages of the selected VOCs investigated in  

the model simulations are presented in Table 15. 

 

Table 15: Weighted average concentrations of VOCs (ppb) in exhaled breath of adults and children 
(200 children were the subject of the study). 

Compound Adults Children 

Weighted average 

concentration  

(concentration range) (ppb) 

Number of 

subjects  

(n) 

Median 

concentration  

(ppb) 

 

Acetone 985 (1.2-1880) 24 297 
 

Ethanol 770 (13-1000) 64 187 

Methanol 330 (1.3-2000) 68 193 

Isopropanol 150 (50-260) 94 41 

Isoprene 210 (12-580) 107 37 

 

The number of breaths per unit time and the volume of each breath vary according to the age 

of the individuals (Aurora et al. 2005 and Lechner et al. 2006). Recent research indicates that 

the tidal volume of a single exhaled breath of an adult is approximately 500 ml and that  
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the adult respiratory rate is 20 breaths per minute (Philip et al., 2015). This equates to 167 

ml/sec of expired air.  

Aurora et al. (2005) also presented information for children.  For a healthy 10 year old 

child, the respiratory rate is typically 20 breaths per minute, with a tidal volume of 

approximately 10 ml/kg of body weight. The average weight of a 10-year old child is 31.2 kg 

(WHO report, 2007). Accordingly, the calculated expiration rate for a child is 104 ml/sec. 

 The emission of VOCs from exhaled breath in the indoor environment is calculated 

according to equation 20: 

 

                                             𝐸𝑉𝑂𝐶 =
𝑉𝑡 ∗ 𝐶𝑡 ∗ 𝑛 ∗ 𝑁𝐴

𝑉𝑚 ∗ 𝑉𝑖 ∗ 1018
                                                     (20) 

 

where Evoc is the relevant VOC emission rate from an exhaled breath (molecule cm
-3

 s
-1

), Vt is 

the breathing rate of an individual (ml s
-1

), Ct is the weighted average concentration of  

a particular species in a single breath (ppb), n is number of people indoors, NA is  

the Avogadro constant (6.02 x 10
23

 molecule mol
-1

), Vm is the molar gas volume (22.4 litres 

mol
-1

 at room temperature), Vi is the volume of indoor air that the breath is emitted into (m
3
) 

and 1x10
18

 provides the necessary unit conversion from m
3
 to cm

3
, litres to cm

3
 and ppb to 

mixing ratio.  

 

5.4.1 Apartment case study 

The apartment was characterized in section 3.6.2 and it is assumed that all the dimensions 

and conditions are the same. However to evaluate the importance of human bodies for ozone 

loss and indoor surface interactions, it was assumed that two adults and one child were in  

the household. The surface area of humans in the apartment was ~ 5 m
2
 and therefore,  

the human skin surface to volume ratio in the apartment was ~0.03 m
-1

. The total surface area 

available for surface interactions, including the furnishing materials and the presence of 

people indoors, amounts to 342 m
2
 and the total surface to volume ratio for the building is 

~2.0 m
-1

. Human skin emissions were calculated according to equation 18 using the average 

yields from the human body reported earlier in this chapter (Table 14). 
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Exhaled breath VOC emission rates were calculated according to equation 20 

considering the 2 adults and child in the apartment and are presented in Table 16:  

 

Table 16: Emission rates of VOCs [molecule cm
-3

 s
-1

] calculated for exhaled breath of 2 adults and  

a child living in the apartment. 

Compound Emission rate of VOC [molecule cm
-3

 s
-1

] 

Acetone 5.76 x 10
7
 

Ethanol 4.43 x 10
7
 

Methanol 2.08 x 10
7
 

Isopropanol 8.70 x 10
6
 

Isoprene 1.18 x 10
7
 

 

As indicated in the previous chapter, the modelling study was carried out for Milan (during 

typical and heatwave summer conditions) and Seoul in summertime for a range of air 

exchange rates: 0.2; 0.76; 2.0 h
-1

. 

 

5.4.2 Bedroom case study  

To estimate the impact of human emissions in a much smaller indoor space when emissions 

may be more significant, the indoor air quality for an occupied bedroom at nighttime was 

investigated. It was assumed that two adults (estimated surface of skin ~4 m
2
)
 
were in  

the room (7.5 m
2
) continuously for 8 hours (23:00-07:00h). Thus the skin surface to volume 

ratio (A/V) in the bedroom was ~0.22 m
-1

. The internal conditions were assumed the same as 

described in Chapter 3.  

The internal surfaces in the bedroom included: soft furniture (5 m
2
; A/V = 0.28 m

-1
), 

painted walls and ceiling (30.6 m
2
; A/V = 1.7 m

-1
), wooden floor (7.5 m

2
; A/V = 0.42 m

-1
) 

and hard furniture (6.3 m
2
; A/V = 0.35 m

-1
). The volume of the bedroom was 18 m

3
. The total 

surface area available for interactions, including the furnishing materials and 2 people in  

the room, amounts to 53.4 m
2
 and the total surface to volume ratio for the bedroom was  

~2.96 m
-1

.   
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Internal surface emissions were calculated according to equation 18 described in  

the previous chapter including the average yields of aldehyde emissions from material 

surfaces presented in Table 7. Since the data for aldehyde yields for wooden materials were 

not available, direct emission rates were calculated using literature data (Nicolas et al., 2007). 

Emissions from hard furniture of hexanal, heptanal, octanal and nonanal in the bedroom were 

therefore assumed to be 3.89 x 10
7
 molecule cm

-3
 s

-1
; 8.37 x 10

5
 molecule cm

-3
 s

-1
; 8.06 x 10

5
 

molecule cm
-3

 s
-1

 and 1.81 x 10
7
 molecule cm

-3
 s

-1
 respectively. The emissions from  

the wooden floor of hexanal, heptanal, octanal, nonanal and decanal in the bedroom were 

calculated as 4.63 x 10
7
 molecule cm

-3
 s

-1
; 9.98 x 10

5
 molecule cm

-3
 s

-1
; 9.61 x 10

5
 molecule 

cm
-3

 s
-1

; 2.16 x 10
7
 molecule cm

-3
 s

-1
 and 5.65 x 10

5
 molecule cm

-3
 s

-1
 respectively. 

Human skin emissions were calculated according to equation 18 and included  

the average yields from human bodies presented in Table 14. Following the estimation of  

the internal surface size and the volume of the bedroom, emissions into this smaller volume 

were adjusted accordingly, whilst external conditions were kept the same as described in  

the Methodology. VOCs emission rates of exhaled breath were calculated according to 

equation 20 considering 2 adults in the bedroom and are presented in Table 17:  

 

Table 17: Emission rates of VOCs [molecule cm
-3

 s
-1

] calculated for exhaled breath of 2 adults in  
the bedroom. 

Compound Emission rate of VOC [molecule cm
-3

 s
-1

] 

Acetone 4.91 x 10
8
 

Ethanol 3.84 x 10
8
 

Methanol 1.65 x 10
8
 

Isopropanol 7.48 x 10
7
 

Isoprene 1.05 x 10
8
 

 

Again, the modelling study of human emissions in a bedroom was carried out for Milan and 

Seoul in summertime for air exchange rates of 0.2; 0.76 and 2.0 h
-1

.  
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5.4.3 Classroom case study 

Children inhale a higher air volume relative to their body weight when compared to adults 

(Suk et al., 2003). Thus special attention should be paid to children since they are at higher 

risk of exposure to air pollutants (WHO report, 2005).  For this reason, indoor air pollution in 

classrooms has become a significant concern (Mendell and Heath, 2005). Some studies 

discuss the correlation between the ventilation rate and indoor air quality in schools (Godwin 

and Batterman, 2007; Chatzidiakou et al., 2015). Other studies report the relationship 

between the role of ventilation indoors and performance of the pupils (Shaughnessy et al., 

2006; Wargocki and Wyon, 2007; Bakó-Biró et al., 2007, 2012; Twardella et al., 2012). For 

instance, Bakó-Biró et al. (2012) showed that more than 200 pupils in different classrooms at 

higher ventilation rates had an improved performance (by 2-15%) compared with low 

ventilation conditions.   

Therefore to investigate the impact of human emissions in a highly occupied space 

within a school building, it was assumed that a classroom was occupied by thirty 10 year old 

pupils and one teacher. Since there are little detailed data available in the literature, this study 

adopted the measurements carried out in 51 French classrooms described by Canha et al. 

(2016). The median value of the classroom surface area was 58 m
2
 and the volume 171 m

3
. 

Given that there were 30 children and one adult in the classroom during the school hours 

(09:00-15:00 with an hour lunch break at noon), the total surface area of skin was 32 m
2
. 

Thus the skin surface to volume ratio (A/V) within the classroom was ~0.19 m
-1

.  

The internal materials in the classroom considered as a source of ozone-derived 

surface emissions included: linoleum on the floor (58 m
2
; A/V = 0.34 m

-1
); painted wall 

(~138 m
2
; A/V = 0.81 m

-1
); wooden furniture such as the desks, chairs and the internal door 

(~25 m
2
; A/V = 0.14 m

-1
) (Canha et al., 2016). The total surface area available for ozone-

initiated chemistry in the classroom including 30 children, the teacher and internal materials 

amounts to 252.6 m
2
, with a total surface to volume ratio of ~1.48 m

-1
. 

Regarding the type of ventilation, Canha et al. (2016) indicated that 73% (n= 37) of 

the classrooms had natural ventilation and 27% (n=14) had a mechanical ventilation system. 

Following the methodology and the data presented by Canha et al. (2016), this study focuses 

on classrooms with natural ventilation. The mean value of the indoor temperature in this 

study was assumed as ~23.3
o
C and the mean indoor relative humidity (RH) was 47%.  

The median air exchange rate was 1.2±0.6 per hour (Canha et al., 2016). Table 18 presents 

the mean concentrations of indoor background pollutants. 
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Table 18: Mean concentrations [µg/m
3
] of indoor air pollutants (±standard deviation) measured in  

the classrooms. 

VOC type VOC  concentration [µg/m
3
] 

Formaldehyde 28 (±16) 

Acetaldehyde 6.9 (±2.1) 

Butyraldehyde 15 (±11) 

Hexaldehyde 13 (±8) 

Benzene 2.2 (±2.4) 

Toluene 5.8 (±5.5) 

Ethylbenzene 2.4 (±1.4) 

m,p-xylenes 5.0 (±3.7) 

o-xylene 1.9 (±2.2) 

Styrene 1.5 (±0.8) 

 

Internal surface and skin emissions of classroom occupants were calculated according 

to equation 18 described in the previous chapter, including the average yields of material 

surface and human body products incorporated in Table 7 and 14 respectively. Since the data 

for aldehyde yields for wooden materials were not available, direct emission rates were 

calculated using literature data for different types of wooden materials (Hodgson et al. 2002, 

Nicolas et al. 2007, Plaisance et al. 2014). Therefore the emissions from hard furniture for 

hexanal, heptanal, octanal and nonanal were 1.56 x 10
7
 molecule cm

-3
 s

-1
; 3.35 x 10

5
 

molecule cm
-3

 s
-1

; 3.23 x 10
5
 molecule cm

-3
 s

-1
 and 7.25 x 10

6
 molecule cm

-3
 s

-1
 respectively. 

The breath emission rates of 30 children and one adult teacher were calculated 

according to equation 20 and are presented in Table 19.  
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Table 19: Emission rates of VOCs [molecule cm
-3

 s
-1

] calculated for exhaled breath in the classroom. 

Compound VOC emission rate of 

30 children  

[molecule cm
-3

 s
-1

] 

VOC emission rate of one 

adult teacher  

[molecule cm
-3

 s
-1

] 

Acetone 1.46 x 10
8
 2.59 x 10

7
 

Ethanol 9.17 x 10
7
 2.02 x 10

7
 

Methanol 9.46 x 10
7
 8.66 x 10

6
 

Isopropanol 2.01 x 10
7
 3.94 x 10

6
 

Isoprene 1.81 x 10
7
 5.51 x 10

6
 

 

The modelling study of human emissions in a classroom with natural (air exchange rate = 

0.6; 1.2; 1.8 per hour) ventilation system for the conditions described above was simulated 

for schools located in Milan (during typical and heatwave summer conditions) and Seoul in 

summertime. 

 

5.5 Results and discussion 

5.5.1 The apartment case study 

5.5.1.1 Sensitivity analysis 

To investigate the effect of changing key parameters on the predicted concentrations of 

ozone, radicals and carbonyl species indoors, a series of sensitivity tests have been carried 

out. The key parameters were varied within uncertainty limits or varied within a typical 

observed range. Transmission of outdoor UV and visible light through the windows was 

varied between 0.15% and 25% for UV light and between 0.7% and 75% for visible light 

(Carslaw, 2007). Air exchange rate was varied between 0.2 and 2.0 h
-1

 (Section 3.3). 

Furthermore, key outdoor concentrations of ozone, NOx, carbonyl species and surface to 

volume ratio values were either increased or decreased by 50%.  
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The concentrations of the carbonyl species, ozone and radicals were then investigated 

between 09:00 and 17:00 h for the conditions described for the apartment in Milan during 

typical summer time conditions. The results from the sensitivity analysis, presented as % 

change in concentration relative to baseline conditions, are shown in Table 20.  

 

Table 20: Sensitivity test results: the % change in concentrations of ozone, radicals and carbonyl 

products following skin and breath emissions in the apartment in Milan for typical summer conditions 

relative to baseline conditions (AER=0.76 h
-1

). 

Scenario 

N
o

n
a

n
a

l 

D
eca

n
a

l 

4
-O

P
A

 

   F
o

rm
ic a

cid
 

   A
cetic a

cid
 

A
ceto

n
e 

  M
eth

a
n

o
l 

E
th

a
n

o
l 

Iso
p

ro
p

a
n

o
l         

Iso
p

ren
e 

UV=0.15%, 

VIS=0.7% 

-5.3 -5.6 -4.0 -4.8 -4.7 -0.4 0.0 0.0 0.1 4.7 

UV=25%, 

VIS=75% 

31.3 32.9 23.9 30.8 29.5 2.5 -0.1 -0.3 -0.7 -22.1 

AER = 0.2 -40.7 -39.8 -41.6 -55.0 -45.1 61.1 -18.3 -48.0 8.0 206.1 

AER = 2.0 8.8 6.6 5.1 42.5 32.8 -33.5 23.4 57.7 -7.4 -43.5 

Outdoor 

O3*0.5 

-53.3 -56.4 -57.9 -57.9 -57.1 -2.7 0.0 0.0 0.0 1.9 

Outdoor 

O3*1.5 

56.2 59.4 60.1 60.2 58.4 2.7 0.0 0.0 0.0 -0.5 

Outdoor 

NOx*0.5 

17.9 18.9 16.4 15.8 16.4 0.6 0.0 0.0 0.1 2.7 
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Scenario N
o

n
a

n
a

l 

D
eca

n
a

l 

4
-O

P
A

 

F
o

rm
ic a

cid
 

   A
cetic a

cid
 

A
ceto

n
e 

  M
eth

a
n

o
l 

E
th

a
n

o
l 

Iso
p

ro
p

a
n

o
l 

Iso
p

ren
e 

Outdoor 

NOx*1.5 

-18.3 -19.3 -17.5 -17.3 -17.2 -0.8 0.0 0.0 0.0 -0.2 

Outdoor 

carbonyls*0.5 

-4.4 -1.8 -0.1 -0.3 -0.1 -11.0 -22.8 -39.9 -15.8 -11.8 

Outdoor 

carbonyls*1.5 

4.4 1.8 0.1 0.3 0.1 11.1 22.9 40.0 15.8 11.8 

A/V*0.5 16.3 14.8 -13.7 17.3 25.6 18.0 59.6 55.8 43.5 -2.0 

A/V*1.5 -12.6 -12.0 -10.0 -21.2 -22.7 -13.7 -27.2 -26.4 -23.3 1.0 

Vd = 25
th
 

percentile 

1.0 -2.0 -36.7 -35.2 -31.6 -1.5 0.0 0.0 0.0 -0.1 

Vd = 75
th
 

percentile 

-1.3 2.3 44.1 42.5 38.0 1.8 0.0 0.0 0.0 0.1 

Estimated error 

(%) 

63 66 88 85 76 22 46 80 32 44 

  

The model predictions are sensitive to a number of factors, particularly changes in 

photolysis rates, air exchange rate and outdoor ozone concentration as found for a similar 

analysis in Chapter 4. Again, it is clear that more experimental data would significantly 

reduce the model uncertainties and enable the model to become more accurate.  
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Not surprisingly, an increase in the ozone concentration outdoors, and therefore 

indoors, enhances the carbonyl emissions following skin ozonolysis. Doubling or halving 

outdoor O3 concentrations decreased or increased respectively, the concentrations of these 

carbonyl species by ~50-60%. Moreover, the lower the air exchange rate is, lower  

the concentrations of carbonyl species following skin emissions are. However for lower air 

exchange rates, the concentrations of breath products (with the exception of methanol and 

ethanol) increase. For most breath emissions, a lower air exchange rate ensures that emissions 

can become more concentrated indoors. Also, the acetone concentration following both skin 

and breath emissions is dominated by breath emissions and therefore the concentration is 

higher when the air exchange rate is lower. Isoprene concentration indoors is dominated by 

breath emissions. Thus, isoprene concentration is higher when the air exchange rate is lower. 

The big change in isoprene concentration (an increase of ~206%) when the air exchange rate 

decreases from 0.76 h
-1

 to 0.2 h
-1

, confirms that chemical processes indoors, such as  

the reaction with ozone and OH radicals, play a crucial role in terms of VOC oxidation. 

Therefore both lower exchange rate with outdoors and lower oxidant concentration indoors 

result in higher isoprene concentrations indoors. For methanol and ethanol exchange with 

outdoors is much more significant than emissions from breath, so clearly indoor 

concentrations are driven by influx from outdoors. 

The model predictions are less sensitive to outdoor NOx concentrations and variation 

in surface to volume ratio. For instance, doubling or halving outdoor NOx concentrations 

decreased or increased respectively, the concentrations of carbonyls up to 20%.  

The estimated total error was calculated for each species (Table 20). Photolysis rates, 

secondary pollutant yields, deposition velocities and outdoor carbonyl concentrations were 

judged to be the most uncertain factors. As for Chapter 4, given the 25
th

-75
th

 percentile values 

were used in the sensitivity analysis, the largest uncertainty for each species was doubled to 

give an estimate of the overall error (between 22-88%) in the model prediction for each 

species.   

 

5.5.1.2 Ozone deposition 

The deposition velocities presented in Figure 19 show that human bodies have the highest 

ozone median deposition velocity value and are expected to be the most reactive materials for 

the indoor environment. Darling et al. (2016) showed that ozone removal effectiveness 

increases along with a deposition velocity increase. Indeed, the highest loss rate per square 
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meter is to human bodies for all three sets of conditions. In total in each case, skin contributes 

to ~10% of ozone loss in the apartment. Although the surface-volume ratio of the skin surface 

is the lowest (0.03 m
-1

) for all surfaces in the apartment, the ozone deposition velocity is the 

highest (Figure 19). Although ozone loss onto skin was only 2-3 ppb in each scenario, 

showing a relatively minor contribution to the overall ozone loss in the apartment, it still 

impact the indoor air chemistry. A comparison of the importance of skin for ozone loss rate 

with different type of surfaces in the apartment is shown in Figure 34. 

 

 

Figure 34: Total ozone removal rate [ppb sec
-1

] onto different indoor surfaces (average age) in  

the Milan apartment during typical and heatwave conditions and in the Seoul apartment during typical 

summer time conditions.  

 

 Figure 35 compares the ozone concentration when occupants are present and absent 

indoors as well as when the apartment is unfurnished and unoccupied. Given that the highest 

outdoor ozone concentration is in the afternoon, infiltrated ozone indoors increases its 

concentration in the afternoon showing the highest concentration indoors around 4-5 p.m. 

Clearly, the ozone concentration is lower when the apartment is occupied, although owing to 

the relatively small surface area of skin relative to the overall volume, there is not a large 

difference when compared to an unoccupied apartment. A significant increase in the ozone 

concentration can be seen when the apartment is unfurnished and unoccupied, again 

reinforcing the fact that most ozone is lost to furnishing and building materials rather than to 

human occupants (for low occupancy). Wisthaler and Weschler (2010) measured ozone loss 
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when occupants are present in an unfurnished office. The results show that two occupants 

remove 55-56% of ozone in a 28.5 m
3
 office over 1 h (AER = 1 h

-1
). A single occupant 

removes 10-25% of ozone in a 30 m
3
 room (AER = 0.9 h

-1
). The results presented by Rim et 

al. (2018) show that a single occupant removes approximately 10% in an unfurnished 58 m
3
 

room (AER = 1.0 h
-1

). However, Figure 35 shows that 3 occupants present in a furnished 

apartment (168 m
3
) remove ~20% of ozone compared to an unoccupied apartment over 24h. 

 

 

Figure 35: Ozone concentration diurnal profile [ppb] when the apartment is unfurnished (green line), 

the occupants are present (blue line), and absent (red line) indoors in the Milan apartment during 

typical summer conditions (air exchange rate = 0.76 h
-1

). 

 

5.5.1.3 Skin emissions 

To compare the emissions of human skin with other surfaces present in the apartment, model 

runs were performed when 2 adults and a child were present in the apartment during the day 

(09:00-17:00). All the figures in this section (Section 5.5.1.3) show solely skin emissions in 

the apartment. 

Figure 36 shows the concentrations of higher aldehydes (C6-C10) in the apartment and 

the contribution of different surfaces indoors. Given that nonanal and decanal are emitted 

both from surface materials and from human skin interactions, their importance can be 

compared. In the context of the results as whole apartment average values, emissions of 

pollutants from 3 human occupants are relatively small assuming a well-mixed environment. 
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The presence of 3 persons in the apartment for typical Milan summer conditions, when the air 

exchange rate is 0.76 h
-1

, contributes only 0.1 and 0.2 ppb respectively to the total nonanal 

and decanal concentrations of 5.7 and 1.6 ppb.  However, in the absence of occupants, 

nonanal and decanal concentrations were 5.9 and 1.6 ppb respectively. Without occupants, 

there is more deposition to surfaces other than skin, from which secondary emissions are 

more efficient. So for these aldehyde species and under these conditions, ozone-driven 

emissions from furniture and building materials generate higher concentrations than those 

when humans are present. The results confirm that the type of surface (and therefore ozone 

deposition velocity and consequent product yield), but also the surface to volume ratio, have 

a significant impact on secondary pollutant formation indoors.  

 

 

Figure 36: Concentration of higher aldehydes (C6-C10) [ppb] and their contribution from different 

type of surfaces in the apartment in Milan during typical summer conditions, when air exchange rate 

is 0.76 per hour (09:00-17:00 h). 

 

Focusing only on the skin emission products, it should be emphasized that the air exchange 

rate has a great impact on the simulated concentrations indoors, as shown for Figure 37. Not 

surprisingly, the results show that carbonyl concentrations decrease at lower AERs, given less 

ozone is transported indoors under these conditions to drive the surface interactions. Acetone, 

4-OPA and decanal are the most important compounds of the studied species.  

The concentration of acetone is relatively high, up to 0.45 ppb. 4-OPA and decanal only 

attain concentrations of up to 0.2 ppb in the apartment case study. The nonanal concentration 

is typically ~70% of the value of the decanal concentration.  
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Figure 37: Concentration of carbonyl species following human skin emissions [ppb] in the apartment 

in Milan during typical summer conditions, when air exchange rates vary. Note that blue bars depict 

concentrations of the aldehydes when air exchange rate is 0.2 h
-1

, red bars 0.76 h
-1

 and green bars 2.0 

h
-1

 (09:00-17:00 h). 

 

Figure 38 illustrates the concentrations of the carbonyls and acids in the apartment 

when the outdoor conditions are varied. The highest concentrations of carbonyls indoors are 

in Milan during summer heatwave conditions, owing to the high level of pollution outdoors 

and therefore indoors through enhanced skin (and material) emissions. In these conditions in 

Milan the concentrations of decanal and 4-OPA are up to ~0.2 ppb and for acetone ~0.6 ppb. 

In the apartment in Seoul during typical summer time conditions, the concentrations of 

emitted compounds are ~60% lower than during summer heatwave conditions in Milan. 

Wisthaler and Weschler (2010) measured skin emissions following ozone deposition onto  

a single occupant in a 30 m
3
 unfurnished office (AER = 1.0 h

-1
). Under the conditions of 50 

ppb of ozone indoors, concentrations of acetone, decanal and 4-OPA were approximately 3 

ppb, 1 ppb and 0.3 ppb respectively. Figure 38 shows the concentrations of selected carbonyl 

species from 3 occupants in the apartment in Milan during heatwave summer conditions 

(AER = 0.76 h
-1

). These are lower than those presented by Wisthaler and Weschler (2010), 

but the current study has a larger volume (168 m
3
) than the room (30 m

3
) used in the 

reference study. Therefore, the skin surface to volume ratio is much lower than the one 

considered in the study of Wisthaler and Weschler (2010). Also, the results (Figure 38) are 

simulated for the occupants in a furnished apartment, which have an impact on  

the background chemistry and thus on the skin emissions following ozone interactions. 
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Figure 38: Concentration of carbonyl species following human skin emissions [ppb] in the apartment 

(AER = 0.76 per hour) when different outdoor conditions occur in Milan (during typical and heatwave 

summer conditions) and in Seoul during typical summer time (09:00-17:00 h). 

 

 As highlighted previously, lower concentrations of skin emission products are likely 

to be found indoors when the air exchange rate is lower. The model runs were repeated for 

the apartment scenario when outdoor conditions were different and the AER was 0.2 and 2.0 

per hour (Figure 39 and 40 respectively). It can be inferred from Figure 39 that  

the concentration of the main ozone-derived skin products (nonanal, decanal and 4-OPA) in 

all the scenarios is diminished by ~50% when the air exchange rate decreases from 0.76 to 

0.2 h
-1

, though the concentration of acetone is only diminished by ~30% (more information 

about breath emissions will be given in the next section of this Chapter). Nevertheless 

acetone has the highest concentration in all three scenarios.  

While the air exchange rate increases, higher concentrations of indoor ozone follow. 

Given that skin emissions are ozone dependent, higher concentrations of ozone indoors 

enhance skin emissions. Figure 40 shows that the skin emission products lead to higher 

concentrations by (~4-10%) when the air exchange rate increases from 0.76 to 2.0 h
-1

. The 

acetone concentration decreases by 7-10% when air exchange rate is increasing from 0.76 to 

2.0 per hour, as stated above. Acetone emissions derive from skin and breath. Its 

concentration depends on the balance between emission rates, ozone concentration and the air 

exchange rate (described in the next section of this Chapter). 
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Figure 39: Concentration of carbonyl species following human skin emissions [ppb] in the apartment 

when different outdoor conditions occur in Milan (during typical and extreme summer conditions) and 

in Seoul during typical summer time; air exchange rate = 0.2 per hour (09:00-17:00 h). 

 

 

Figure 40: Concentration of carbonyl species following human skin emissions [ppb] in the apartment 

when different outdoor conditions occur in Milan (during typical and extreme summer conditions) and 

in Seoul during typical summer time; air exchange rate = 2.0 per hour (09:00-17:00 h). 

 

5.5.1.4 Breath emissions 

Figure 41 illustrates the predicted concentrations of breath emission products in the apartment 

scenario for different air exchange rates. The highest concentrations are for acetone and 
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isoprene, 7.3 and 1.9 ppb respectively for an AER of 0.76 h
-1

. The concentrations decrease 

when the air exchange rate increases and ventilation effectively decreases their 

concentrations. For instance, the isoprene concentration decreases from 7.1 to 1.0 ppb when 

the air exchange rate increases from 0.2 to 2.0 h
-1

. The concentrations deriving from breath 

emissions did not vary between the case study cities given the apartment/occupants were  

the same in each and that breath emissions are independent of other pollutant concentrations. 

However, perhaps could remove the emitted species but such process becomes less important 

than the emissions themselves. 

It should be emphasized that acetone is emitted both from skin (as described in  

the previous section of this Chapter) and human breath. Although skin emissions become 

more important as AER increases, the opposite is true for breath emissions, which have 

greater importance at lower AERs. Therefore, there is a play off between breath and skin 

emissions and so the acetone relationship with AER is different to the other studied species.  

 

 

Figure 41: Concentration of carbonyl species emitted from human breath [ppb] in the apartment for 

different air exchange rates. Note that blue bars depict concentrations of the products when air 
exchange rate is 0.2 h

-1
, red bars 0.76 h

-1
 and green bars 2.0 h

-1
.  

 

The model results shown in Figure 41 are the predicted values for breath emissions 

only. However, the total concentrations of the selected compounds modelled for  

the apartment in Milan during typical summer conditions are shown in Figure 42. The figure 
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represents the range of concentrations that might be expected indoors given variations in 

surface emissions, including from humans, and exchange with outdoors.  

 

 

Figure 42: Indoor concentration of selected carbonyl species [ppb] modeled for the apartment in 

Milan during typical summer conditions. The range of the values represents predicted concentrations 

for different air exchange rates (0.2 h
-1

; 0.76 h
-1

 and 2.0 h
-1

). Triangles denote the concentrations when 

AER is 0.76 h
-1

. 

 

The concentrations of isopropanol, isoprene and acetone are the highest in the apartment 

when AER is 0.2 h
-1

 and the lowest when AER = 2.0 h
-1

. However for methanol and ethanol, 

highest concentrations occur in the apartment when AER = 2.0 h
-1

 with lowest values when 

AER = 0.2 h
-1

. Nevertheless, for methanol and isopropanol the range of the concentrations 

was still relatively small. For methanol and ethanol, exchange with outdoors is much more 

significant than emissions from breath, so outdoor concentrations have a large impact on 

indoor concentrations for this level of occupancy. On the other hand, the emissions of 

isopropanol, isoprene and acetone are more significant from breath emissions rather than 

from exchange with outdoors. The indoor concentrations are clearly dependent on  

the strength of indoor emissions as well as the exchange rate and outdoor concentrations, 

leading to different behaviour of these species indoors as ventilation rate changes. 

The model predictions are in good agreement with measurements presented in  

the literature.  For instance, Wang et al. (2017) measured concentrations of VOCs in UK 
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homes. Measured median values of isoprene concentrations were ~0.4 and 4.5 ppb in London 

and York houses respectively. The median concentration of isoprene measured in London is 

in the range of the values predicted by the model. Similarly, Bari et al. (2015) measured 

VOCs at 50 non-smoking homes in Canada during summer time. The measurements include 

isoprene, acetone, methanol and ethanol. The concentration of isoprene (median value of ~1 

ppb) is comparable with the values predicted by the model (1-8 ppb).  

Acetone, methanol and ethanol concentrations measured by Bari et al. (2011) (median 

values of 29; 71 and 151 ppb respectively) are higher than those predicted by the model.  

The study by Geiss et al. (2011) measured VOCs in private houses in eleven cities across 

Europe during different seasons. 88 samples were collected for acetone measurements with  

a median concentration value of ~20 ppb (within the range of 4-69 ppb). Again,  

the concentrations predicted by the model tend to be on the lower end of the measured 

ranges. The measurements presented in the literature were carried out in homes with 

occupants. Therefore, other indoor activities, i.e. cleaning, may enhance the concentrations of 

the alcohols and acetone (Carslaw et al., 2017). It should be noted that the modelled scenario 

for the apartment included surface emissions (including human body) and exchange with 

outdoors, however there are no additional emissions such as from cleaning and cooking 

included. The model also has not accounted for fragrance or personal care product use, which 

could add significantly to VOC load in a real environment (Tang et al. 2016; Stönner et al. 

2017; Wang et al. 2017). This issue is addressed in section 5.5.3.2. 

 

5.5.1.5 Impacts of human occupancy on chemical processing in the apartment 

In order to compare how the indoor chemistry changes when occupants are present or absent 

in the apartment, a rate of production analysis was carried out for the Milan apartment during 

typical summertime conditions (AER = 0.76 h
-1

). Table 21 shows the modeled steady-state 

concentrations of OH, HO2 and RO2 for a model run with ozone deposition only (no 

emissions) as well as with surface production included when the occupants are absent and 

present in the apartment.  
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Table 21: Concentrations of OH [molecule cm
-3

 s
-1

], HO2 [ppt] and RO2 [ppt] modelled for  

the apartment in Milan in typical summer conditions (AER = 0.76 h
-1

), for ozone deposition only, and 

ozone deposition together with surface production (with and without occupancy). 

 OH [molecule cm
-3

] HO2 [ppt] RO2 [ppt] 

Ozone deposition only 4.78 x 10
5
 4.90 6.02 

Ozone deposition and 

surface production (no 

occupants) 

3.77 x 10
5
 3.71 5.78 

Ozone deposition and 

surface production (with 

occupants) 

3.60 x 10
5
 3.83 5.82 

 

As shown in Chapter 4, surface emissions reduce the oxidant concentrations indoors. The OH 

concentration is reduced by ~20% with surface emissions present compared to when they are 

not. HO2 is reduced by a similar amount, though RO2 concentrations are less affected. This is 

because the increased aldehyde concentrations following surface emissions permit more RO2 

to be produced; despite lower OH concentrations (see Figure 43). 

Figure 43 presents the production rates with (i) ozone deposition and ozone-driven 

aldehyde surface production (without occupants) and (ii) with ozone-driven surface 

production including occupants (in units of 10
4
 molecule cm

-3
 s

-1
). 
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Figure 43: Simplified rate of production analysis for the major rates of reaction for a model run with 

ozone deposition followed by ozone-driven aldehyde surface production (with an absence of the 

occupants) (figures in bold) and with ozone deposition followed by ozone-driven surface production 

including occupants (2 adults and a child) (figures in normal font) in units of 10
4
 molecule cm

-3
 s

-1
. 

The model runs were performed for an apartment in Milan during typical summer conditions when air 

exchange rate was 0.76 h
-1

. MTs denote monoterpenes, which also includes isoprene (strictly  

a hemiterpene). Red arrows denote radical initiation processes, blue arrows are termination processes 

with green arrows representing radical propagation. 

 

The production of HO2 radicals via photolysis of aldehydes decreases slightly when 

humans are in the room, compared with a furnished but unoccupied apartment. Human 

occupancy makes very little difference in this case. Initiation rates of HO2 radical formation 

via O3-terpene reactions become more important when occupant emissions are considered, 

but photolysis of dicarbonyl species becomes a little less important with the occupants 

present rather than with the surface emissions only.  

In terms of radical propagation, the concentration of OH slightly decreases when 

occupants are present and causes lower production rates of peroxy radicals via reaction with 

aldehydes, alkenes, alkanes and dicarbonyls. Moreover, the formation of RO2 radicals, 

following the reaction of OH radical with monoterpenes, becomes more important when 
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occupants are present indoors. Isoprene, which is emitted from breath, contributes to this 

increase.  

The noteworthy difference is the fate of the peroxy radicals through termination. 

Reactions of alkyl peroxy radicals with NO increase formation of organic nitrates when 

humans are present at the expense of PAN formation, although formation of PANs still 

dominates overall termination routes. Hence it is expected that lower concentrations of 

oxidants and higher concentrations of organic nitrates might exist when humans are present 

indoors.  

In conclusion, there are not many changes within the detailed chemistry when 

occupants are present indoors for these conditions. It might be explained by the fact that 

human emissions in the apartment are relatively small. One important difference might be 

observed for the production rate of RO2 following the reaction of OH with isoprene, which is 

emitted from breath. Breath emissions were higher in comparison with skin emissions and 

therefore had a higher impact on the resulting chemistry.    

 

5.5.2 The bedroom case study  

To investigate a situation when human emissions can potentially be more important,  

the indoor air quality for an occupied bedroom at nighttime and for different ventilation rates 

was investigated. The assumption was that two adults (surface estimated as 4 m
2 

in total;  

A/V = 0.22 m
-1

)
 
were in the bedroom (7.5 m

2
) continuously for 8 hours (23:00-07:00h).  

The total surface to volume ratio was ~2.96 m
-1

.  

 

5.5.2.1 Skin and breath emissions  

Figure 44 and 45 show the comparison of skin and breath-derived concentrations respectively 

in the bedroom for typical summer conditions in Milan (air exchange rate of 0.76 h
-1

), with 

the predicted values for the whole apartment shown for comparison.  
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Figure 44: Concentration of oxygenated products following ozone-derived human skin emissions 

[ppb] in the apartment and in the bedroom when typical summer conditions occur in Milan (air 

exchange rate = 0.76 h
-1

) for night time hours (23:00-07:00 h). 

 

 

Figure 45: Concentration of oxygenated products following breath emissions [ppb] in the apartment 

and in the bedroom when typical summer conditions occur in Milan (air exchange rate = 0.76 h
-1

) for 

night time hours (23:00-07:00 h). 

 

Not surprisingly, human emissions are more significant when the volume of the room is 

smaller.  Hence, the concentration of 4-OPA following ozone-derived skin emissions in  
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the apartment was ~ 0.16 ppb compared to 0.73 ppb in the bedroom. For acetone,  

the concentration in the apartment is ~0.4 ppb and in the bedroom ~1.9 ppb from skin 

emissions. A similar conclusion can be drawn from the breath emission analysis. Much 

higher concentrations of the compounds emitted from breath are noticed in the bedroom 

scenario rather than in the apartment. For instance, the isoprene concentration increases from 

~2.0 ppb in the apartment to 19.2 ppb for the bedroom. 

The total concentrations of the compounds characteristic for breath and skin emissions 

during nighttime hours modelled for the bedroom in Milan during typical summer conditions 

are shown in Figure 46 and 47 respectively. The range of the concentrations takes into 

consideration surface emissions, including humans, and exchange with outdoors. Higher 

concentrations of methanol, ethanol, isopropanol, isoprene and acetone occur in the bedroom 

when AER is 0.2 h
-1

 and lower values when AER is 2.0 h
-1

. However, the concentrations of 

nonanal, decanal, 4-OPA, formic and acetic acids are higher when AER is 2.0 h
-1

 and lower 

when AER is 0.2 h
-1

. Again, the compounds presented in Figure 46 are the typical ones 

dominated by breath emissions. Therefore, higher concentrations occur when the air 

exchange rate is lower. The compounds presented in Figure 47 are formed following ozone-

surface interactions. Nonanal and decanal are formed following material and skin surface 

emissions; however 4-OPA and carboxylic acids are dominated by skin surface emissions 

following ozone deposition. Thus, higher concentrations of these oxygenated products occur 

when the air exchange is higher and more ozone is available indoors. In general, ventilation 

rate plays an important role on indoor air chemistry and the total VOC concentrations in 

crowded or relatively small indoor spaces like in a bedroom. 
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Figure 46: Indoor concentration of selected oxygenated products [ppb] modelled for the bedroom in 

Milan during typical summer conditions for night time hours (23:00-07:00 h). The range of the values 

represents the range of air exchange rates (0.2 h
-1

; 0.76 h
-1

 and 2.0 h
-1

). Triangles denote  

the concentrations when AER is 0.76 h
-1

. 

                        

 

Figure 47: Indoor concentration of selected oxygenated products [ppb] modelled for the bedroom in 

Milan during typical summer conditions for night time hours (23:00-07:00 h). The range of the values 

represents the range of air exchange rates (0.2 h
-1

; 0.76 h
-1

 and 2.0 h
-1

). Triangles denote  

the concentrations when AER is 0.76 h
-1

. 
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The predictions of the model are at the higher end of the results presented by 

Jӓrnstrӧm et al. (2006) who measured mean annual concentrations of approximately 1.2 ppb 

and 0.8 ppb of nonanal and decanal respectively, in bedrooms of 12-month old Finnish homes 

with a mean AER of 0.9 per hour, though there is no information about the bedroom size. 

Figure 48 shows the diurnal profiles of ozone, nonanal, decanal and 4-OPA 

concentrations in the bedroom in Milan when typical summer conditions occur  

(AER=0.76 h
-1

). Nonanal and decanal concentrations originate both from skin and internal 

materials (i.e. soft furniture and painted wall) emissions. 4-OPA is only emitted from human 

skin. Clearly, there is dependence between the ozone concentration and the ozone-derived 

surface emissions. Following the increase of ozone concentration, the carbonyl 

concentrations increase.  

 

 

Figure 48: Hourly profile for O3, nonanal, decanal and 4-OPA concentration modelled for  

the bedroom in Milan during typical summer time; AER = 0.76 h
-1

.   

 

Concentrations of oxygenated products formed following skin emissions increase when  

the air exchange rate and indoor ozone concentrations are higher. However VOCs emitted 

from breath originate as metabolic products and are not related to ozone concentration 

indoors. Therefore their concentration levels decrease in a room with higher ventilation. 

Figure 49 and 50 illustrate the VOC concentrations following skin and breath emissions 

respectively in the apartment located in Milan during typical summer time conditions when 

ventilation conditions vary (AER = 0.2; 0.76 and 2.0 h
-1

).  
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Figure 49: Concentration of oxygenated products following human skin emissions [ppb] in  

a bedroom when different ventilation conditions occur in the bedroom in Milan during typical 

summer conditions for night time hours (23:00-07:00 h). Blue bars depict concentrations of  

the products when air exchange rate is 0.2 h
-1

, red bars 0.76 h
-1 

and green bars 2.0 h
-1

. 

 

 

Figure 50: Concentration of oxygenated products following human and breath emissions [ppb] in  

a bedroom when different ventilation conditions occur in the bedroom in Milan during typical 

summer conditions for night time hours (23:00-07:00 h). Blue bars depict concentrations of  

the products when air exchange rate is 0.2 h
-1

, red bars 0.76 h
-1

 and green bars 2.0 h
-1

. Note that 

acetone was calculated separately for skin (Fig. 49) and breath (Fig. 50). 
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Figure 51 compares the differences in modelled oxygenated products concentrations 

following skin emissions in the bedroom, for Milan (during typical and heatwave summer) 

and Seoul during typical summer time conditions and for an air exchange rate of 0.76 h
-1

.  

The concentrations of oxygenated products are lower for the bedroom in the Seoul apartment 

compared to Milan, owing to the lower ozone concentration indoors and therefore 

proportionally lower surface emissions. The concentration of the oxygenated products did not 

show a difference between the bedroom located in Milan during typical and summer 

heatwave conditions, since nighttime ozone concentration is similar (24.6 and 21.5 ppb 

respectively).      

 

 

Figure 51: Concentration of oxygenated products following human skin emissions [ppb] in  

the bedroom placed in different locations, namely in Milan during typical and heatwave summer 

conditions, and in Seoul during typical summer conditions (air exchange rate = 0.76 h
-1

) for night time 

hours (23:00-07:00 h). 
 

5.5.2.2 Impacts of human occupancy on chemical processing in the bedroom 

In order to evaluate the impact of occupancy on the chemical processing in the bedroom,  

a rate of production analysis was performed for night time hours (23:00-07:00), for typical 

summer conditions in Milan and for an AER of 0.76 h
-1

.  

Figure 52 presents the production rates for (i) ozone deposition and ozone-driven 

aldehyde surface production (no occupants) and (ii) ozone-driven surface production 
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including occupants (in units of 10
3
 molecule cm

-3
 s

-1
). The modeled steady-state 

concentrations of OH, HO2 and RO2 for a model run with ozone deposition and internal 

surface emissions only were 8.9 x 10
4
 molecule cm

-3
, and 0.4 and 0.9 ppt respectively. When 

the human emissions were included, the concentrations were 6.5 x 10
4
 molecule cm

-3
 and 0.8 

and 1.2 ppt respectively.  

Not surprisingly, the production of the radicals via photolysis reactions is negligible at 

night time. In terms of radical propagation, concentrations of OH decrease leading to a lower 

production rate of acetyl peroxy radicals via reaction with aldehydes, alkenes, alkanes and 

dicarbonyls. Again, the ‘O3+MTs’ production rate increases when the occupants are present 

given the increased isoprene emissions derived from breath. RO2 is distributed more towards 

organic nitrates and therefore less PANs might be formed, although formation of PANs still 

dominates overall termination. This is because there are fewer aldehydes formed when 

occupants are present in the bedroom compared to when they are absent (emissions from 

furnishing are more important), but also, the OH concentration is lower compared to  

the unoccupied bedroom. 
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Figure 52: Simplified rate of production analysis for the major rates of reaction for a model run with 

ozone deposition followed by ozone-driven aldehyde surface production (no occupants) (figures in 

bold) and with ozone deposition followed by ozone-driven surface production including from human 

emissions (figures in normal font) in units of 10
3
 molecule cm

-3
 s

-1
. The model runs were performed 

for a bedroom in Milan during nighttime (23:00-07:00h) in typical summer conditions  

(AER = 0.76 h
-1

). MT denotes monoterpenes including isoprene. Red arrows denote radical initiation 

processes, blue arrows are termination processes with green arrows representing radical propagation. 

 

5.5.3 The classroom case study  

5.5.3.1 Skin emissions 

This section presents the modelling results from classrooms (defined in the Methodology 

section, earlier in this Chapter). The indoor air quality for a naturally ventilated occupied 

classroom during school-day hours (09:00-15:00h) with an hour break (12:00-13:00h) was 

investigated. It was assumed that 30 children and one teacher were present in the classroom. 

The results for different air exchange rates and for the three study locations/conditions are 

now discussed. 
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 Figure 53 presents the diurnal profile of the concentrations of ozone and ozone-

derived oxygenated products following skin emissions from the classroom occupants for 

Milan during a typical summer and with natural ventilation (AER 1.2 h
-1

).  

 

 

Figure 53: Diurnal profile of the concentration of ozone and carbonyl species following human skin 

emissions [ppb] in the classroom placed in Milan during typical summer conditions was applied (air 

exchange rate = 1.2 h
-1

). All profiles include emissions from other internal surfaces where appropriate 

(i.e. nonanal and decanal) and exchange with outdoors. 

 

As expected, skin emission products increase when occupants are in the classroom. 

Nevertheless carboxylic acids and 4-OPA are still at relatively low concentrations (up to 

~0.1-0.5 ppb and 0.8 ppb respectively) when pupils are in the classroom. Nonanal and 

decanal show higher concentrations (on average up to 5.3 and 1.8 ppb respectively) with 

occupants, however, material emissions tend to dominate for these species: the profiles 

include emissions from internal surfaces (wooden materials, painted wall and linoleum), as 

well as contributions from outdoors.  

 There is substantial variation of the ozone concentration in the classroom. There is  

a significant increase of the O3 concentration when the pupils are out for the lunch break  

(an increase of ~10 ppb). When the occupants return to the classroom after the break, the 

ozone concentration decreases from 20 to ~14 ppb. When the school day finishes at 3 p.m. 

there is again a significant increase of the ozone concentration in the classroom (up to 32 ppb 

by 5 p.m.), as ozone rich air from outdoors replenishes the supply indoors.  
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The model shows relatively good agreement with the results presented in the 

literature. Comparing the data presented in the literature for measurements carried out in 

Europe during summer, Blondeau et al. (2005) reported the mean ozone concentration 

measured in eight French schools in summer as ~5.8 ppb (with the median up to 9 ppb). 

Comparable median results of 2.3 ppb (with the range of 1.5-15.6 ppb) and 7.6 ppb (with the 

range of 2.5-19 ppb) were presented in the HESE (2006) study for 8 classrooms in Siena and 

in 7 classrooms in Udine (Italy) respectively. The modelling results show an ozone 

concentration in the range of ~5-16 ppb when the occupants are present in the classroom. 

Model runs were also performed for the classroom in Milan during summer heatwave 

conditions and in Seoul during typical summer conditions (Figure 54 and 55 respectively). 

Air exchange rate (1.2 h
-1

) and ventilation type (natural) were kept the same for all the case 

studies. 

 

 

Figure 54: Diurnal profile of the modelled concentration of ozone and carbonyl species for  

the classroom in Milan during summer heatwave conditions; natural ventilation parameters were 

applied (air exchange rate = 1.2 h
-1

). 30 children and a teacher stay in the classroom from 9:00-15:00 

h with an hour lunch-break (12:00-13:00 h). 
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Figure 55: Diurnal profile of the modelled concentration of ozone and carbonyl species for  

the classroom in Seoul in typical summer time conditions; natural ventilation parameters were applied 

(air exchange rate = 1.2 h
-1

). 30 children and a teacher stay in the classroom from 9:00-15:00h with an 

hour lunch-break (12:00-13:00 h). 

 

 

Undoubtedly, ozone-derived skin emissions depend on the ozone concentration indoors. 

Comparing different locations and therefore different ozone concentration indoors, higher 

indoor ozone concentrations indoors cause an increase in secondary pollutant formation from 

skin. Therefore the highest concentrations of ozone-derived skin emission species are noted 

in Milan during summer heatwave conditions.   

 

 

5.5.3.2 Breath emissions 

Figure 56 shows the diurnal profile of modelled VOCs following breath emissions in  

the classroom in Milan during typical summer conditions with natural ventilation (air 

exchange rate = 1.2 h
-1

). Again, the concentrations increase when the occupants enter the 

classroom at 9:00 a.m., then decrease when children leave the classroom for an hour lunch 

break. Then, the increase can again be noted at 1 p.m. until 3 p.m. when pupils leave  

the classroom.  

Acetone shows the most significant variation in the concentration profile when the 

occupants are in and out of the classroom. Thus the acetone concentration increases from ~3 

ppb before the children enter the classroom up to ~22 ppb. Note that the acetone 
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concentration profile in Figure 56 includes skin and breath emissions together, and breath 

emissions contribute ~90% to the total. The concentration of methanol and ethanol, increases 

from ~2 - 7 ppb and from ~16 - 21 ppb respectively when pupils are present.  

 

 

Figure 56: Diurnal profile of the concentration of VOCs following breath emissions [ppb] in  

the classroom in Milan during typical summer conditions and with natural ventilation (average air 

exchange rate = 1.2 h
-1

). Note that acetone originates from both skin and breath emissions. All profiles 

include emissions from other internal surfaces and outdoors. 

 

Since breath emissions are not ozone-derived products, there is a strong negative 

relationship between the air exchange rate and VOC concentrations following breath 

emissions. There is a substantial difference in diurnal profiles of VOCs emitted from  

the breath between a poorly ventilated classroom (air exchange rate = 0.6 h
-1

) (Figure 57) and 

a highly ventilated classroom (air exchange rate = 1.8 h
-1

) (Figure 58) when the occupants are 

present. For example, with better ventilation of the classroom, the concentration of acetone 

decreases from ~30 to 18 ppb. Isoprene decreases from ~5 to 2 ppb, and methanol from ~7.5 

to 6 ppb when the AER increases to 1.8 h
-1

. 

Surprisingly, the reverse trend can be noted for ethanol. The concentration of ethanol, 

which is one of the alcohols emitted from breath, increases from ~18 to 23 ppb when the 

AER increases to 1.8 h
-1

. Under the model conditions and outdoor concentration of ~33 ppb,  

the deposition rate of ethanol is calculated as 1.3 x 10
8
 molecule cm

-3
 s

-1
, loss due to air 

exchange is calculated as 4.3 x 10
8
 molecule cm

-3
 s

-1 
but the human breath emission rate is 
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1.1 x 10
8
 molecule cm

-3
 s

-1
. 

 
Therefore, deposition and exchange with outdoors are more 

important than breath emissions under these conditions and control the profile. 

 

 

Figure 57: Diurnal profile of the concertation of VOCs following breath emissions [ppb] in  

the classroom placed in Milan during typical summer conditions when natural ventilation was applied 

and air exchange rate was 0.6 h
-1

. Note that acetone originates from both skin and breath emissions. 

All profiles include emissions from other internal surfaces and outdoors. 

 

 

Figure 58: Diurnal profile of the concertation of VOCs following breath emissions [ppb] in  

the classroom placed in Milan during typical summer conditions when natural ventilation was applied 

and air exchange rate was 1.8 h
-1

. Note that acetone originates from both skin and breath emissions. 

All profiles include emissions from other internal surfaces and outdoors. 
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The predicted values were compared with the few concentrations available in  

the literature. For instance, the model results show good agreement with the concentrations of 

carboxylic acids measured in a university classroom presented by Liu et al. (2017).  

The measured concentration of formic acid was in the range of 0.2-3.5 ppb, whereas  

the predicted average concentration from the model was 0.2 ppb.  

Tang et al. (2016) measured indoor air mixing ratios of selected VOCs in a University 

classroom and also emission rates. The measurements were conducted over a two-week 

period on five weekdays (during 08:00-20:45h) when at least 17 adult occupants were present 

in the classroom. The volume of the classroom was 670 m
3
 and air exchange rate with the use 

of mechanical ventilation was 5 ± 0.5 h
-1

. The study considered the time-series measurements 

of VOCs, CO2 and O3, sampling the classroom and supply air six times per hour.  

The measured mixing ratios of isoprene, acetone and 4-OPA were ~1-2 ppb, ~10-13 ppb and 

~0.4 ppb respectively. The indoor concentrations predicted by the model (when 30 children 

and 1 adult were present in the classroom in Milan during typical summer time conditions 

within 09:00-17:00h, AER = 1.2 h
-1

) were ~2.5 ppb for isoprene, ~17 ppb for acetone and 0.3 

ppb for 4-OPA. The two sets of results are not directly comparable as the classroom used in 

the study of Tang et al. (2016) was bigger than the one used for the modelling runs (171 m
3
). 

Moreover, the air exchange rate of the experimental classroom was much higher than of  

the modelled one. Finally, the university classroom and its occupants were adults not 

children.  

Recently, Stönner et al. (2017) measured emission rates in a cinema.  

The measurements were carried out over a month when three different movies were screened. 

The audience varied from 50-230 people (in total for adults and children) for various 

screenings of three movies. The volume of the screening room was 1300 m
3
 and the room 

was constantly flushed with the outdoor air at a rate constant of 6500 m
3
 h

-1
.  

The measurements were made with the use of a steel ventilation channel, which transported 

the exhaust airstream from the cinema room to a separate room, where the measurement 

instruments (mass spectrometer and CO2 analyzer) were placed. A comparison of the selected 

measured VOC emission rates in these two studies is presented in Table 22 and shows that 

there is some variation between the two studies and also the current study.  
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Table 22: Comparison of emission rates of selected VOCs for adults derived from this study and  
the studies of Tang et al. (2016) and Stönner et al. (2017). 

VOC compound This study 

(µg h
-1

 p
-1

) 

Tang et al. (2016) 

(µg h
-1

 p
-1

) 

Stönner et al. (2017) 

(µg h
-1

 p
-1

) 

Acetone 9 2796 419 

Methanol 17 356 650 

Isoprene 2 164 166 

Ethanol 6 426 216 

 

The emission rates used in the model are much lower than those presented by both 

Tang et al. (2016) and Stönner et al. (2017). According to the measurements, the total 

emissions could be approximately 50-100 times higher than those used to drive the model, 

mainly as those input into the model only included breath and skin emissions.  

The measurements were carried out in highly occupied places, but also included contributions 

from food (i.e. popcorn in a cinema) or personal care product emissions. In fact, in  

the University classroom study, there was a clear decline in emissions over the course of  

the day, as the personal care products worn by the students gradually degassed from their 

bodies (Tang et al., 2016).  

To test the sensitivity of the model to higher emissions rates from occupants,  

the emissions from both skin and breath were increased by 10%, 50% and 100%. The results 

from the sensitivity analysis are shown in Table 23.  
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Table 23: Sensitivity test results: the % change in concentrations of carbonyl species following skin 

and breath emissions in the naturally ventilated classroom in Milan for typical summer conditions 

relative to baseline conditions (AER=1.2 h
-1

) during school hours when the occupants were present. 

Scenario N
o

n
a

n
a

l 

D
eca

n
a

l 

4
-O

P
A

 

  F
o

rm
ic a

cid
 

  A
cetic a

cid
 

A
ceto

n
e 

M
eth

a
n

o
l 

E
th

a
n

o
l 

  Iso
p

ro
p

a
n

o
l 

Iso
p

ren
e 

Human 

emissions 

* 10% 

0.5 1.1 7.7 7.6 7.1 8.2 7.6 2.5 7.5 7.6 

Human 

emissions 

* 50% 

2.4 5.2 35.1 34.6 32.4 40.6 38.1 12.7 37.7 38.1 

Human 

emissions 

* 100% 

4.4 9.4 63.6 62.5 58.6 80.9 76.2 25.3 75.5 76.3 

 

The increase in human emissions enhances oxygenated products concentrations indoors.  

The model shows the highest sensitivity for species that are mainly derived from occupants, 

whilst those that are dominated by material emissions (nonanal, decanal) or outdoors 

(ethanol) are less sensitive to changes. 

 

5.5.3.3 Impact of human occupancy on chemical processing in the classroom 

In order to understand the impact on chemistry in a highly occupied indoor environment,  

an analysis of oxidant concentrations was carried out for a classroom in Milan during typical 

and heatwave summertime conditions and in Seoul during typical summer time for a range of 

air exchange rates (0.6; 1.2; 1.8 h
-1

).  

Table 24 presents a comparison of oxidant concentrations for the same hours of  

the unoccupied and occupied classroom during school day hours. The unoccupied classroom 

was just a furnished classroom without the occupants and modelling results are shown for  

the same hours as for the occupied classroom. As expected, the modelled steady-state 
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concentrations of O3, OH, HO2 and RO2 for model runs with internal surface emissions only 

(no occupants in the classroom) were higher compared with the concentrations when 

occupants were present in the classroom. Weschler (2016) suggested that the presence of 

humans in a building would decrease the net level of oxidants, as ozone is deposited onto 

skin. However, these results also confirm that the OH, HO2 and RO2 radical concentrations 

decrease as more ozone-driven surface emissions (human skin) are included in the model. For 

instance, considering the classroom scenario in Milan during typical summertime conditions 

(air exchange rate = 1.2 h
-1

), the concentration of O3 decreases by about 40% and OH, HO2, 

RO2 by about 16%, 32% and 44% respectively when oxidative production of carbonyls on 

skin surfaces is included compared to when they are excluded (for the same ventilation 

conditions).  

 

Table 24: Comparison of oxidants’ concentrations when occupants are in and out of a classroom 

placed in Milan (during typical and extreme summer conditions) and Seoul (during typical summer 

conditions) when natural ventilation and different air exchange rates (0.6; 1.2; 1.8 h
-1

) were applied. 

Note that concentrations were modelled for the hours when pupils are usually in the classroom  

(9:00-15:00 h) with an hour break (12:00-13:00 h). Ozone concentrations are given in ppb, OH in 
units of 10

5 
molecule cm

-3
, both HO2 and RO2 in ppt. 

 Milan typical 

summer conditions 

Milan extreme 

summer conditions 

Seoul typical 

summer conditions 

AER (h
-1

) AER (h
-1

) AER (h
-1

) 

0.6 1.2 1.8 0.6 1.2 1.8 0.6 1.2 1.8 

O3 No occupants  12.4 15.9 18.3 20.3 27.8 33.2 9.9 12.4 14.0 

Occupants 6.6 9.6 11.9 10.7 16.4 20.6 5.3 7.5 9.1 

OH No occupants  4.0 4.5 4.7 4.4 5.0 5.2 3.7 4.1 4.2 

Occupants  3.2 3.8 4.0 3.6 4.2 4.5 2.9 3.4 3.6 

HO2 No occupants  5.4 3.4 2.8 7.3 5.1 4.3 5.4 3.1 2.4 

Occupants  3.6 2.3 1.9 5.1 3.6 3.1 3.5 2.1 1.7 

RO2 No occupants  10.6 6.1 4.7 16.3 10.5 8.6 9.5 5.0 3.8 

Occupants  5.6 3.4 2.8 8.4 5.6 4.8 5.1 2.9 2.4 
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The higher the air exchange rate is, the higher the concentration of O3 is indoors.  

The concentrations of NO2 and NO are also higher at higher AERs. The OH radical 

concentration increases along with the higher air exchange rate, as more OH can be formed 

through ozone oxidation of terpenes.  However, the concentrations of HO2 and RO2 are 

suppressed by higher NOX concentrations indoors as the AER increases. Therefore,  

the concentrations of HO2 and RO2 decrease, while those of ozone and OH radicals increase 

with AER. 

Figure 59 presents the production rates for (i) indoor emissions when the classroom 

was occupied in Milan during typical summer conditions and for (ii) indoor emissions when 

the classroom was occupied in Milan during summer heatwave conditions (in units of 10
4
 

molecule cm
-3

 s
-1

). The results are shown for the conditions of AER = 1.2 h
-1

. The emission 

rates increase when photolysis and outdoor O3 concentration is higher, which is the case 

during heatwave summer time conditions. Furthermore, during the summer heatwave period, 

NOx concentrations are also higher. Therefore, the propagation and termination reactions 

involving NO and NO2 are enhanced. For instance, following the RO2 reaction with NO2 

more PANs, as the termination product are formed during the heatwave conditions. 
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Figure 59: Simplified rate of production analysis for the major rates of reaction for a model run with 

ozone deposition followed by ozone-driven aldehyde surface production and breath emissions (with 

presence of the occupants) in Milan classroom scenario during typical summer conditions (figures in 

bold) and with ozone deposition followed by ozone-driven surface production including the human 

emissions in the classroom in Milan during heatwave summer conditions (figures in normal font) in 

units of 10
4
 molecule cm

-3
 s

-1
. The model runs were performed for a classroom when AER = 1.2 h

-1
). 

MT denotes monoterpene. Red arrows denote radical initiation processes, blue arrows are termination 

processes with green arrows representing radical propagation. 

 

5.6 Chapter summary 

This Chapter has examined the role of human occupancy and the changes in indoor air 

chemistry when occupants are present. It quantifies the impact of human skin and breath 

emissions on oxidant levels and also the concentrations of various secondary pollutants that 

are formed. Among all the tested surfaces, the human body was shown to be the most 

efficient in terms of removing ozone from indoor air per square meter. However, when 

internal ozone-driven emissions of aldehydes are considered, soft furniture and painted walls 

become more important owing to their larger surface areas in a typical building. Ozone-

initiated emissions from the human body can be important in smaller areas of a house (e.g.  

a bedroom at nighttime), when concentrations of various oxygenated products can become 
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significant. An important conclusion from this study is that inclusion of oxidation-derived 

surface emissions (from surfaces and/or people) within a detailed chemical model profoundly 

affects chemical processing. Ozone-driven surface emissions deplete oxidants, increase  

the importance of radical production from aldehyde photolysis indoors and shift formation of 

products towards nitrated organic carbon species. 

 The modelling results of human emissions indoors show that the emissions depend on 

the air exchange rate, size of the indoor space and indoor occupancy. When the air exchange 

rate is smaller, the impact of breath emissions is higher, but those from skin become less 

important. Skin emissions are ozone dependent. When the air exchange rate is smaller, there 

is less ozone indoors and so there is less potential for surface interactions and consequent 

formation of secondary pollutants from skin. Furthermore, the impact of human emissions 

indoors is subject to the size of indoor space. In general, the bigger the indoor space is,  

the lower the resulting concentrations of the compounds emitted from humans are. However, 

it is strongly dependent on the indoor occupancy. Finally, highly occupied indoor 

environments, such as classrooms or cinemas, might show relatively high concentrations of 

species derived from human emissions indoors.  
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6. Secondary pollutant formation following cleaning activities indoors 

 

6.1 Chapter preview 

The aim of this Chapter is to highlight the importance of cleaning on indoor air chemistry and 

in particular, the composition of mixtures on secondary product formation. First there is  

an explanation of the importance of such activity on chemical processes indoors including on 

the formation of secondary pollutants. The experimental procedures adopted are then 

described, for investigating both single compound oxidation processes, as well as of mixtures 

of compounds commonly used in cleaning products The results from some model simulations 

to further probe the experimental results are then detailed.  

 

6.2 Introduction 

There is evidence that cleaning indoors has a great impact on indoor air pollution (Wolkoff et 

al., 2000; Carslaw, 2013; Wolkoff, 2013). Cleaning products are used extensively in 

buildings, whether occupational or residential in use. Consumer cleaning products and air 

fresheners contain terpene hydrocarbons such as limonene, α-pinene, terpinolene, terpene 

alcohols and other unsaturated compounds. Such compounds, which often originate from 

plant oils, are widely used as active solvents and fragrance in air fresheners or cleaning 

products (Singer et al, 2006; Carslaw, 2013).  

Reactions in the indoor environment between unsaturated VOCs such as these with 

reactive oxidants such as ozone, nitrate and hydroxyl radicals in the gas-phase or on indoor 

surfaces, can produce a wide range of intermediate and stable oxygenated secondary species 

(Jenkin et al., 1997; Walser et al., 2008). Such products include oxygenated organic species 

that contain carbonyl groups, such as aldehydes, ketones, carboxylic acids or di- and 

tricarbonyls and additionally, formaldehyde and acetaldehyde, hydrogen peroxide, SOA, 

peroxy and hydroxyl radicals (Fan et al. 2003; Forester and Wells, 2011; Ham et al. 2015; 

Ham et al., 2016; Nazaroff and Weschler, 2004). Indeed, there is evidence that these highly 

oxidized species are responsible for serious health effects including occupational asthma 

(Cartier 2015; Jarvis et al., 2005). Nazaroff and Weschler (2004) reported that cleaning 

products and air fresheners contain dermal and respiratory sensitizers and irritants, which can 

cause adverse health effects including skin and eye irritation and occupational asthma. 
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A large percentage of the general population is potentially at risk while cleaning their 

own homes (Medina-Ramon et al., 2005). Reilly and Rosenman (1995) showed in their study 

that the most frequent reason of hospital admission in the US for chemical related respiratory 

disease was from exposure to household cleaning products. However the highest risk of 

exposure is for professional cleaners. Epidemiological studies have shown the relationship of 

the various respiratory effects between cleaning work and asthma (Nazaroff and Weschler, 

2004; Zock, 2005; Bello et al., 2009). Quirce and Barranco (2010) reviewed the available 

evidence and summarized that there is a substantially (30-50%) increased risk of asthma 

symptoms related to the weekly use of cleaning agent sprays and that the risk increases along 

with the number of products used for cleaning purpose, or with the frequency of use. In 

addition, respiratory health problems among 5000 surveyed cleaners in the UK were found to 

be higher than in other professions (Woods and Buckle, 2006).  

Epidemiological studies have identified a need to pay special attention to the health 

effects of VOCs mixtures, which are widely used in cleaning consumer products (Wolkoff et 

al. 2000, 2013). There is evidence that irritative, unidentified compounds can be formed via 

ozonolysis reaction of terpene mixtures at concentrations typically observed in indoor air 

settings (Wolkoff et al. 2000; Fan et al., 2003). Reactions of VOC mixtures with ozone have 

been observed to produce short-lived, highly reactive species such as hydroxyl radicals and 

hydrogen peroxides, and more stable compounds for instance, ketones, aldehydes, organic 

acids, secondary aerosols and ultrafine particles (Fan et al., 2003; Fiedler et al., 2005). 

Clearly, there is a need to study the oxidation products that are formed following 

cleaning activities and to evaluate the impact of mixtures of terpenes on indoor air chemistry. 

Additionally, it is important to use this understanding to aim to reduce the formation of 

harmful secondary pollutants and to remediate against their formation through such activities. 

 

6.3 VOCs in consumer products 

One of the main terpenes used in a large number of consumer products is limonene  

(1-methyl-4-(prop-1-en-2-yl)cyclohexene) (Figure 60). Household products (i.e. cleaning 

agents and air fresheners) contain limonene because of its orange/lemon-like fragrance and 

antimicrobial properties (Ham et al., 2016).  
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Figure 60: The chemical structure of limonene. 

 

This cyclic terpene contains two double carbon-carbon bonds. The chemical structure makes 

limonene reactive with oxidants, to form a wide range of complex gas-phase reaction 

products (Wolkoff et al., 2012). Even when applying limonene to surfaces (e.g. through 

cleaning in bathrooms and kitchens), 7-70% of the compound can be emitted into the gas 

phase (Singer et al., 2006). The most important gas-phase products following cleaning 

activity are identified as carbonyl species, alcohols, peroxides and organic nitrates (Carslaw, 

2013). Carslaw (2013) carried out a modelling study to determine the oxidation products of 

limonene following reaction with ozone and OH radical respectively (Figures 61 and 62). 

However, many of these products cannot be determined experimentally at present to confirm 

their predicted presence.  
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Figure 61: Major limonene gas phase ozonolysis routes. Species marked in grey are the major gas-

phase products. Compounds marked in bold black are the key secondary aerosol species. The reaction 

rates are shown in units of 10
5
 molecule cm

-3
 s

-1
 (Source: Carslaw, 2013). 
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Figure 62: Major limonene gas-phase oxidation routes following a reaction with OH radical. Species 

marked in grey are the major gas-phase products. Compounds marked in bold black are the key 

secondary aerosol species. The reaction rates are shown in units of 10
5
 molecule cm

-3
 s

-1
 (Source: 

Carslaw, 2013). 

 

Similarly to limonene, -pinene (Figure 63) is another common terpene frequently 

used in many consumer products. Alpha-pinene is a biogenic monoterpene and it can be 

detected from its pine scent (Rohr et al., 2003). Because of the fragrance, this monoterpene is 

widely used in numerous cleaning agents, detergents and air fresheners (Sarwar et al., 2004). 

For instance, Wallace et al. (1999) examined 31 fragrance products and α-pinene was 

detected in 12 of them.  
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Figure 63: α-pinene chemical structure 

 

The four-membered ring and also the double carbon bond in α-pinene make  

the hydrocarbon reactive like limonene. Therefore, α-pinene can also undergo oxidation 

reactions with ozone, NO3 or OH radicals to form a wide range of secondary products. For 

instance, Rohr et al. (2003) summarized that the most important ozonolysis products of  

α-pinene are formaldehyde, acetone, pinonaldehyde, norpinonaldehyde, norpinone. 

Secondary organic aerosols were identified containing a range of carboxylic acid products: 

pinonic acid, ethanoic acid, methanoic acid, norpinonic acid, norpinic acid and pinic acid 

(Hoffmann et al., 1997; Rohr et al., 2003). However, pinonaldehyde was identified as the 

main gas phase product from a broad range of α-pinene reactions with O3, OH and NO3 

radicals (Calogirou et al., 1999) (Fig. 64). 
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Figure 64: Secondary compounds formed via oxidation process following the reactions of α-pinene 

with O3, OH and NO3 radicals. Pinonaldehyde was found to be the main gas-phase product in  

the Calogirou et al. (1999) experimental conditions (Source: Calogirou et al., 1999). 
 

6.4 Cleaning experiment 

6.4.1 Introduction 

Even though limonene is frequently detected at high concentrations indoors using sampling 

and laboratory methods, the numerous gas-phase oxidation products are difficult to detect via 

traditional techniques. For instance, gas chromatography is difficult as many of the oxidation 

products have low polarity (Yu et al., 1998). Other species are likely to be formed at 

relatively low concentrations such that detection is difficult with existing experimental 

techniques (e.g. organic nitrates) and reliable techniques to detect some species (such as 

peroxides) do not exist at all. However, Wells and coworkers have developed reliable 

techniques to detect and quantify a number of carbonyl species from terpene oxidation, as 

summarized by Forester and Wells (2009) for limonene and listed in Table 25. 
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Table 25: The gas phase reaction products from oxidation of limonene via OH radical and O3 found 
using experimental methods (Forester and Wells, 2009). 

Limonene oxidation product name Product chemical structure 

 

 

4-Acetyl-1-methylcyclohexene  

(4-AMCH)/Limonaketone 

 

      

CH3

CH3

O

 

 

 

2-hydroperoxy-3,4-dimethylpent-4-enal 

 

              

O

OOH CH3

CH3

CH2

 
 

 

 

Dihydrocarvone 

             

CH3

CH3

CH2

O

  
 

 

 

Carvone 

 

           

CH3

CH3

CH2

O

 
 

2-(4-Methylcyclohex-3-en-1-yl)propanal 

    

CH3

CH3

O

       
 

Glyoxal 

 

        

O

O
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Limonene oxidation product name 

 

Product chemical structure 

 

 

4-Oxopentanal (4-OPA) 

 

                         

CH3

O

O

 
 

 

 

3-Isopropenyl-6-oxoheptanal (IPOH)/ 

Limonaldehyde 

   

CH3

O

O

CH3 CH2

 
 

The carbonyl species are one of the most important groups that accumulate in the gas-phase 

following cleaning activity indoors (Carslaw, 2013). Such species have been noted as 

possibly responsible for adverse health effects and therefore they are relevant group of 

compounds for further studies (Wolkoff et al., 2000).  

Wells and Ham (2014) presented a new method for derivatizing carbonyl compounds 

from gas-phase samples using aqueous solution. The method was achieved with the use of 

TBOX (O-tert-butyl-hydroxylamine hydrochloride). The advantages of using the TBOX 

derivatization agent technique include the ability to identify multi-carbonyl compounds and 

shortened oxime-formation reaction time (Wells and Ham, 2014). Wells and Ham (2014) 

more recently detected three additional limonene oxidation products, namely 7-hydroxyl-6-

oxo-3-(prop-1-en—2yl)heptanal (7H6O), 2-acetyl-5-oxohexanal (2A5O) and 3-acetyl-6-

oxopentanal (3A6O) using this novel technique to derivatize the carbonyl products. 

Interestingly, 3A6O but also other tricarbonyl products, that were not possible to quantify via 

conventional methods, were predicted by the model study of Carslaw (2013). Clearly, 

modelling studies can be a comprehensive tool to support and guide laboratory experiments.  
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6.4.2 Methods 

6.4.2.1 Gas-phase experiments 

To understand the fate of terpene hydrocarbons and their mixtures in indoor environments,  

an experiment was carried out to verify and compare the products from the reaction of ozone 

with single compounds (α-pinene and limonene) or a mixture of the two in the gas-phase.  

The experiment was conducted at the National Institute for Occupational Safety and Health 

(NIOSH) facility in the US, as the internship requirement of the CAPACITIE project 

fellowship. 

To identify gas-phase carbonyl products, five different experiments were carried out 

in an 80-L Teflon
® 

chamber (Fig. 65) at 50% relative humidity (RH). The experiments were 

carried out with an air exchange rate equal to zero and in the absence of NOx. It was assumed 

that there was no deposition in the chamber.  

Single compound experiments were carried out with a 20 µL injection of a 10% 

solution of the compound into the 80 L chamber. Thus, 60 ppb of ozone was added to 2.5 

ppm of terpene, where the terpene component was either limonene or α-pinene, or a mixture 

in a 1:3 ratio (as limonene reacts approximately 3 times more quickly with ozone than  

α -pinene). Experiments were also carried out for 30 ppb and 100 ppb of ozone for  

the mixture of terpenes.  
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Figure 65: Teflon® reaction chamber (80 L). 

 

Single compounds and then the mixture (all with a total gas-phase terpene 

concentration of 2.5 ppm) were added to the chamber and allowed to react with ozone for 30 

minutes. Ozone was produced by photolyzing air in a separate Teflon
®
 chamber prior to  

the experiments. After reaction with ozone, a sample was collected in 25 mL of deionized 

water, derivatized with 100 ml of O-tert-butylhydroxylamine hydrochloride (TBOX), and 

heated to 70
o
C for 2 hours in a water bath. After cooling, the samples were extracted with 

500 µL of toluene and 100 µL of the toluene extract layer was analyzed using the gas 

chromatography-mass spectrometry (GC-MS) system to identify carbonyl species (Ham et al. 

2015).  

 

6.4.2.2 Surface-phase experiments 

To simulate a surface cleaning activity indoors, two surface types (vinyl flooring tile and 

carpet) were used. A mixture of terpenes was prepared, similarly to the gas-phase experiment, 

using 3 µL of limonene and 8.58 µL of α-pinene, both 10% solutions in methanol (again in  

an ~ 1:3 ratio). Following the methodology presented by Ham and Wells (2011), prior to  

the experiment, a range of 0.40-0.45 g of the mixture was sprayed onto the vinyl and carpet 
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tiles. Each tile was sprayed for 16 seconds with an aluminum template on top (Fig. 66).  

The aluminum template had a 14.9 cm diameter hole in the center, which ensured that  

the sprayed area could be sampled accurately to investigate secondary emissions.  

 

 

Figure 66: Surface preparation with the mixture of terpenes sprayed onto the surface prior to  

the experiment. 

 

The instrument used for the experiment was the “Oxidant-Surface Chemistry 

Automated Reactor” (OSCAR) (Figure 67). This instrument is similar to FLEC, which is  

an emission test chamber and can be used to measure organic emissions from building 

materials and domestic products. The OSCAR instrument used in the experiment is 

composed of three stages: the air purification stage, the air humidification stage, and  

the reactant injection and delivery stage.  
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Figure 67: The OSCAR instrument used for the surface-phase emission experiment. 

 

For each experiment the following parameters remain the same: the relative humidity 

was set to 50%, ozone concentration was set at 60 ppb and the flow rate through  

the instrument was 500 mL min
-1

. Each experiment took 48 hours, during which time, 

emissions from the vinyl/carpet tiles following reaction with ozone were collected every 8 

hours by impingers filled with 25 mL deionized water.  

Then the samples were derivatized with 100 L of O-tert-butylhydroxylamine 

hydrochloride (TBOX), and heated to 70
o
C for 2 hours in a water bath. After cooling,  

the samples were extracted with 500 µL of toluene and 100 µL of the toluene extract was 

analyzed using the gas chromatography-mass spectrometry (GC-MS) system to identify 

carbonyl species. 

 

6.4.2.3 Model set-up 

Different model runs were perform to verify reaction products and their formation profile 

within 30 minutes of the reaction following gas-phase ozonolysis of limonene, α-pinene and 

the limonene-α-pinene mixture. The experiments have been set up in the model to provide  

a qualitative understanding of the experimental data. Therefore, a model run time of 30 

minutes was selected, given the experimental samples were extracted at this point. Similarly 

to the experiment described in the previous section of this Chapter, single terpenes were 
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subjects of the reaction with 60 ppb of ozone and the mixture of the terpenes with 30, 60 and 

100 ppb of ozone. Both the single terpenes and the mixture were set to the concentration of 

2.5 ppm. There was no NOx added to the system and the experiment was run in the dark and 

with zero air exchange. The relative humidity was set to 50%.  

 

6.4.3 Results and discussion 

6.4.3.1 Experimental results 

6.4.3.1.1 Gas-phase experiments 

The GC-MS results and carbonyl product identification are shown in Figure 68. Different 

coloured peaks correspond to the different mixtures used in each experiment. 

 

 

Figure 68: The GC-MS results and product identification following the gas-phase experiments of  

the ozonolysis reaction of 2.5 ppm of terpene with ozone. Red, green and yellow correspond to 

oxidation products of the mixture with 30, 60 and 100 ppb of ozone respectively. The blue colour 

depicts ozonolysis of limonene only and the pink one, α-pinene only. The latter two experiments were 
conducted with 60 ppb of O3. 

 

The results of the analysis show that a stronger signal was detected for some of  

the carbonyl compounds, such as glyoxal and methylglyoxal, following ozonolysis of  

the mixtures. Glyoxal, methylglyoxal and 2,4-Pentanedione, were all identified following 
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both limonene and α-pinene ozonolysis reaction but also in the mixtures. The carbonyls that 

were only observed as ozonolysis reaction products of limonene were 4-oxopentanal  

(4-OPA), 7-hydroxyl-6-oxo-3-(prop-1-en-2-yl)heptanal (7H6O) and 3-Isopropenyl-6-

oxoheptanal (IPOH/Limonaldehyde), whilst those only from α-pinene ozonolysis were 

glutaraldehyde, pinonaldehyde and norpinonaldehyde. These species were also found in the 

terpene mixture experiments. It was not possible to identify all of the carbonyl species 

formed through this technique, but it is clear that there is a wide range of products formed 

following ozone reactions and that the exact composition depends on the starting terpene 

composition. This concept is explored further with the modelling studies in Section 6.4.3.2. 

 

6.4.3.1.2 Surface-phase experiment 

The results of the surface-phase experiment following the terpene mixture application are 

shown in Figure 69, which compares the gas-phase mixture experiment and surface-phase  

(a carpet tile) mixture experiment. All experiments were carried out in the presence of 60 ppb 

of ozone. There are a number of overlapping peaks in the two sets of experiments, showing 

that some species are formed in the gas phase and also on the surface following cleaning. 

Following the surface-phase mixture experiments, glyoxal, methylglyoxal, 4-OPA, 

glutaraldehyde, pinonaldehyde and IPOH were identified. 2,4-Pentanedione is also likely to 

be present, but this could not be confirmed. In general, the signal strengths from the surface-

phase experiments were lower compared with the equivalent gas-phase experiments. This 

likely indicates that some of the carbonyl products were trapped on the surface and that  

the emissions were released more slowly over time. 
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Figure 69: The GC-MS results and product identification following the gas-phase and surface-phase 

experiments. Red colour shows the ozonolysis reaction of 2.5 ppm of the mixture of limonene and  

α-pinene (in the 1:3 ratio) in a gas-phase. Green and yellow colour corresponds to surface-phase  
(a carpet tile) oxidation products of the limonene and α-pinene (in the 1:3 ratio) mixture with ozone. 

 

The surface-phase experiment was repeated with a vinyl tile under the same 

experimental conditions. The results (Fig. 70) show that again, some of the same products are 

identified: glyoxal, methylgloxal, 4-OPA and pinonaldehyde. However there are also some 

unidentified compounds e.g. with mass-to-charge ratio (m/z) 176. This compound may be 

2,4-Pentanedione, but it was difficult to confirm with the observed results and match with the 

results of the probable compounds. The biggest difference between carpet and vinyl tiles was 

observed for 4-OPA, with a much stronger signal for carpet sprayed with the mixture rather 

than for the vinyl tile.  
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Figure 70: Comparison of the GC-MS results and product identification following the gas-phase and 

surface-phase experiments with the limonene and α-pinene mixture. Red colour shows the ozonolysis 

reaction in a gas-phase. Green and yellow colour corresponds to the repeated experiment of a surface-

phase (a carpet tile). Blue and pink colour shows a repeated surface-phase (a vinyl tile) experiment. 

 

These results are still at a very preliminary stage and further calibration is needed. 

There is insufficient quantitative data to attempt to model the results directly. However,  

the idea that different mixtures of terpenes in cleaning products may lead to quite different 

secondary pollutant composition indoors is now explored in more detail with the model in  

the next section. 

 

6.4.3.2 Modelling test results 

Figure 71 presents the modeled results for the predicted OH radical profile following  

the reactions of the terpenes with ozone in the gas-phase. The concentration of OH following 

α-pinene ozonolysis is much higher than for limonene ozonolysis. The peak modelled 

concentration of OH formed via α-pinene ozonolysis is ~1.4 x 10
6
 molecule cm

-3
 whereas via 

limonene ozonolysis, it is ~7.4 x 10
5 

molecule cm
-3

. These results reflect the difference in  

the reaction rate of the terpenes with OH (according to Atkinson et al. (1986), 5.45 x 10
-11

 

cm
3
 molecule

-1
 sec

-1
 for α-pinene and 16.9 x 10

-11
 cm

3
 molecule

-1
 sec

-1
 for limonene) and  

the efficiency of feedback of OH from the ozone-terpene reactions.  
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The OH concentration is also higher when the ozone concentration increases. In all 

cases, the OH is rapidly consumed within approximately 10 minutes and is near zero by 30 

minutes (at the time when samples were extracted for the experiments described in previous 

sections). 

 

 

Figure 71: Modelled OH concentration [molecule cm
-3

] following gas-phase oxidation of single 

terpenes (limonene and α-pinene) and limonene – α-pinene mixtures. Single terpene reactions are 

performed with 60 ppb of ozone, the mixture reactions are carried out for 30, 60 and 100 ppb of 

ozone. 

 

Following the oxidation of each terpene by OH, RO2 radicals are formed. Modelled 

predictions are shown in Figure 72, which shows that more RO2 radicals are formed from  

the alpha-pinene only experiment when compared to limonene only, as more OH is available 

in this experiment (Fig. 71) to react and produce them.  
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Figure 72: Modelled RO2 concentration [ppt] following gas-phase oxidation of single terpenes 

(limonene and α-pinene) and limonene – α-pinene mixture. Blue, green and red lines depict  

the limonene, α-pinene and the terpene mixture oxidation reactions, respectively. 

 

The RO2 concentration decreases rapidly following the limonene only experiment, 

whereas the α-pinene only experiment has a broader, smoother decline, with significant RO2 

remaining after 30 minutes. The RO2 concentration depends on the ozone concentration as 

shown in Figure 73. The higher the ozone concentration, the greater the production rate of 

OH and hence RO2. 
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Figure 73: RO2 concentration [ppt] profile following oxidation of the gas-phase of limonene –  

α-pinene mixture. Purple, green and blue lines depict the limonene - α-pinene mixture reactions with 

30, 60 and 100 ppb of ozone respectively. 

 

 The detailed chemical mechanism used in the model, enables the user to follow gas 

phase degradation schemes for VOCs and identify different reaction products as they are 

formed along the oxidation chain (Saunders et al., 2003). Figure 74 shows the position in  

the oxidation chain for a number of RO2 products formed following limonene and α-pinene 

oxidation reactions. For instance, for the α-pinene reaction with OH radicals, RO2 radicals are 

formed: APINAO2, APINBO2, APINCO2, which can be considered as first generation 

products. These undergo further reactions to form second, third, fourth (etc.) generation 

products.  

Figure 74 presents this information for the limonene only and α-pinene only 

experiments. Following the limonene only experiment, ~100% of the RO2 composition after 

30 minutes is first generation products. However, for the α-pinene-only experiment, only 

~9% of the RO2 composition at 30 minutes is first generation products. Most are fourth 

generation (~53%), with contributions from fifth to eight generation products also. Since 

there are clear differences in the formation of the generation products between limonene and 

α-pinene, it is likely to lead to different oxidation products further down the oxidation chain. 
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Figure 74: Percentage of RO2 radicals as generations along the oxidation chain following the gas-

phase reaction of limonene (red bars) and α-pinene (blue bars) with ozone. The bars depict first, 

second, third, fourth, fifth, sixth, seventh and eighth generation products. 

 

Whilst α-pinene is more efficient for RO2 production, limonene generates 

formaldehyde (HCHO) more effectively than α-pinene (Fig. 75). There are multiple pathways 

to generate HCHO following limonene degradation and Carslaw (2013) estimated that 

formaldehyde contributed ~6% to the overall composition of gas-phase limonene oxidation 

products. Wolkoff et al. (2008) suggested that gas-phase products, especially formaldehyde, 

are responsible for sensory health effects, though concentrations below 80 ppb should not 

lead to either acute or chronic sensory irritation in the airways (Wolkoff and Nielsen, 2010). 
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Figure 75: Modelled formaldehyde (HCHO) concentration [ppb] following the gas-phase oxidation 

of α-pinene only (red line), limonene only (dark blue line) and the limonene – α-pinene mixture 

oxidation for 30 ppb (purple line), 60 ppb (green line) and 100 ppb (light blue line) of ozone. 

 

Glyoxal (Fig. 76) is one of the significant products from α-pinene oxidation under  

the conditions presented in the experiment. After 30 minutes of the experiment, the modelling 

results show that the concentration of glyoxal reached ~130 ppt. Similarly, methylglyoxal 

(Fig. 77) was an important product following α-pinene oxidation, however with a much 

smaller concentration than glyoxal –only 1.2 x 10
-2

 ppt after 30 minutes of the experiment. 
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Figure 76: Glyoxal concentration [ppt] profile product formation following the gas-phase of single  

α-pinene, limonene and the limonene – α-pinene mixture oxidation reaction. Purple, green and light 

blue lines depict the limonene - α-pinene mixture reactions with 30, 60 and 100 ppb of ozone 

respectively. Dark blue line represents the limonene oxidation and the red – α-pinene. 

 

 

Figure 77: Methylglyoxal concentration [ppt] profile product formation following the gas-phase of 

single α-pinene, limonene and the limonene – α-pinene mixture oxidation reaction. Purple, green and 

light blue lines depict the limonene - α-pinene mixture reactions with 30, 60 and 100 ppb of ozone 

respectively. Dark blue line represents the limonene oxidation and the red – α-pinene. 

 

 2,4-Pentanedione has been identified as a product following both the single terpenes 

and the mixture oxidation. However the analysis of the measurement and modelling data do 
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not give a clear view of whether this compound can be confirmed as an oxidation product or 

it is just contamination in the measurement system (potentially in the α-pinene). Currently 

this issue is being investigated further at NIOSH to ascertain why it was present.  

 The highest concentration from the detected products following α-pinene oxidation 

was pinonaldehyde as found by Calogirou et al. (1999). Figure 78 shows that after 30 minutes 

of the experiment the concentration of this carbonyl compound reaches ~35 ppb. The 

concentration of pinonaldehyde following the reaction of the limonene - α-pinene mixture (60 

ppb of ozone) is approximately half that for α-pinene only, since pinonaldehyde is not formed 

through limonene oxidation. 

 

 

Figure 78: Pinonaldehyde concentration [ppb] profile product formation following the gas-phase of 

single α-pinene, limonene and the limonene – α-pinene mixture oxidation reaction. Purple, green and 

light blue lines depict the limonene - α-pinene mixture reactions with 30, 60 and 100 ppb of ozone 

respectively. Dark blue line represents the limonene oxidation and the red – α-pinene. 

 

One of the major gas-phase species formed following oxidation of limonene is 

limonaldehyde (3-isopropenyl-6-oxo-heptanal, or IPOH). Limonaldehyde is formed via 

oxidation of limonene via OH and O3. Carslaw (2013) showed that reaction with OH was 

approximately 1.4 times more important than the one with O3 for typical cleaning conditions. 

The model results (Fig. 79) show that at the end of the experiment (30 min), limonaldehyde 

has the highest concentration (~20 ppb) for the limonene only experiment as expected. 

However, it is interesting that the 100 ppb O3 experiment of the mixture produces almost as 



169 
 

much limonaldehyde as from the single terpene experiment, despite the lower limonene 

concentration. This observation is also true for pinionaldehyde production (Fig 78) and shows 

that the increased ozone concentration can compensate when it comes to the rate of 

production of the secondary product. Under these conditions, neither of the reactant 

concentrations are limiting. 

 

 

Figure 79: Limonaldehyde concentration [ppb] profile product formation following the gas-phase of 

single α-pinene, limonene and the limonene – α-pinene mixture oxidation reaction. Purple, green and 

light blue lines depict the limonene - α-pinene mixture reactions with 30, 60 and 100 ppb of ozone 

respectively. Dark blue line represents the limonene oxidation and the red – α-pinene. 

 

 When comparing the three experiments performed with 60 ppb of ozone, three 

species, 3-acetyl-6-oxopentanal, 4-oxopentanal (4-OPA), and 1-hydroxy-3-methyl-3-butene-

2-one, were predicted to be formed at higher concentrations with the mixture of the terpenes 

rather than with the single compound runs. The chemical structures of these three identified 

compounds are shown in Figure 80. 
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3-acetyl-6-oxopentanal 4-oxopentanal (4-OPA) 1-hydroxy-3-methyl-3-butene-

2-one 

Figure 80: Structures and names of carbonyl species predicted to be formed at higher concentrations 

for the mixture of terpenes compared to the single compound experiments.  

 

Figure 81 shows the 4-OPA concentration profile over 30 minutes following 

oxidation of limonene only, α-pinene only and the terpene mixture, all with 60 ppb of ozone. 

4-OPA is an important oxidation reaction product of limonene (Rossignol et al., 2012).  

The concentration of 4-OPA after 30 minutes of the reaction is relatively small for all  

the experiments, but interestingly, approximately 2.7 times higher for the mixture is than for 

the oxidation of limonene only.  

 

 

Figure 81: 4-OPA concentration [ppt] profile following the gas-phase oxidation of limonene (blue 

line), α-pinene (red line) and the mixture of the terpenes (green line). 
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4-OPA production indoors is determined by the OH concentration. The OH concentration 

was estimated to be higher following the ozonolysis of the terpene mixture compared to 

limonene only (Figure 81). Given that 4-OPA is formed following subsequent reactions of 

OH with the oxidation products, the 4-OPA concentration is higher following oxidation of  

the terpene mixture rather than the single terpene oxidation. Such results highlight  

the importance for investigating mixtures, which are commonly found in real indoor 

environments. Assuming that oxidation of a mixture is a summation of the reactions of  

the individual compounds will give erroneous results. 

 

6.5 Chapter summary 

This Chapter has highlighted the complex chemistry following terpene mixture oxidation. 

Since terpenes and their mixtures are widely used in consumer products such as cleaning 

agents or air fresheners, it is important to understand the fate of mixtures in terms of indoor 

chemistry and secondary species formation.  

 The laboratory experiments identified a number of the carbonyl products formed 

following gas-phase terpene oxidation, along with some unidentified species. Ongoing work 

at NIOSH (outside the scope of this PhD) involves quantification of more of the detected 

species. 

Finally, some model runs have been performed to verify and understand  

the experimental results in terms of detailed chemistry and the pathways of the reactions. It is 

possible to identify more reaction products than using the laboratory methods, as the model is 

not limited to carbonyl species (though the results focus mainly on those). The concentrations 

of some of the products following oxidation of the mixtures may be higher than for oxidation 

of the single terpenes, despite the same overall terpene concentration. Further,  

the concentrations of secondary products change depending on the starting terpene mixture. 

However, the experiments and the model runs were performed for rather unrealistic indoor 

conditions. Concentrations of terpenes were high, the experiments were performed in the dark 

and there were no nitrogen oxides or air exchange with outdoors. 

Nevertheless, the results point to the potential for improving consumer product 

formulations. Using less reactive mixtures might avoid exposure to potentially harmful 

secondary products. Clearly, such improved formulations would be beneficial for anybody 

using such products on a regular basis.   
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7. Conclusions  

7.1 General conclusions 

Over the last few decades, increasing attention has been paid to indoor air quality. It has been 

estimated that people spend most of their time indoors and consequently most of the exposure 

to air pollution occurs indoors (Carslaw, 2007). Different sources of indoor air pollution, such 

as building products emissions, cleaning and personal care products, cooking, smoking or 

outdoor air pollutants, together with more airtight buildings and consequently a higher range 

of different mixtures of chemicals indoors, have an impact on building occupants and 

increase the potential for adverse health effects. In the absence of detailed measurements,  

the INDCM model has been improved and developed throughout this dissertation to represent 

surface interactions indoors and to evaluate their impact on indoor air quality.  

The INDCM model is a comprehensive tool, which enables the user to evaluate  

the impact of surface interactions on indoor air chemistry. The INDCM model development 

presented in this dissertation provides a wider understanding of air chemistry processes 

indoors, for a range of realistic conditions. The model now represents physical and chemical 

processes, such as exchange with outdoors, better parameterized deposition to surfaces, 

indoor emissions and photolysis reactions that impact indoor air chemistry. The explicit 

chemical mechanism that is used in the model has enabled ozone loss and secondary pollutant 

formation rates to be estimated following surface interactions indoors. It has also been used 

to compare green building materials with conventional ones and to evaluate their impact on 

indoor air chemistry and to simulate the impact of human occupancy indoors on indoor air 

quality, including human skin and breath emissions in different indoor environments. 

Comparing different locations for a building (Milan and Seoul were used as case study cities) 

and therefore outdoor and indoor concentrations, has also allowed the impact of outdoor air 

pollution on indoor concentrations to be investigated for a range of locations. Moreover,  

the INDCM model has been used to evaluate the impact of different mixtures of terpenes, 

widely used in cleaning and consumer products, on indoor air chemistry. 

The results show that high outdoor pollutant concentrations can have a great impact 

on indoor air pollution. Higher concentrations of ozone outdoors, and therefore indoors, 

enhance oxidation processes and lead to higher emissions of secondary indoor air pollutants, 

for instance the C6-C10 aldehydes. Thus, ozone loss onto all internal surfaces in the apartment 

in Milan during summer heatwave conditions (when outdoor ozone concentration was ~75 
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ppb) was approximately 40% greater than during typical summer conditions (outdoor ozone 

concentration was ~49 ppb). Following ozone deposition, nonanal was the most significant 

aldehyde species emitted from the surfaces (~4.5-9 ppb) and increased by ~22% during 

polluted conditions when compared with more average conditions in Milan. Since heatwaves 

may perhaps occur more frequently in the future along with climate change (Solomon et al., 

2007), indoor ozone-derived surface aldehyde emissions may also increase. According to  

the European Chemical Agency (ECHA), C6-C10 aldehydes are expected to cause eye, skin 

and potential respiratory irritation. Therefore, emissions of higher aldehydes following 

surface interactions indoors may cause increased adverse health effects. Furthermore,  

the modelling results show the impact of surface processes indoors on indoor air chemistry. 

Surface interactions indoors decrease the concentration of oxidants such as ozone or OH not 

only via deposition but also chemical reactions. For instance, OH concentration decreases by 

approximately 23% when the surface emissions were included in the model.  

Nowadays, green materials are becoming more and more popular. A model 

comparison of emissions from traditional and green building materials showed that the green 

materials may lead to lower concentrations of pollutants indoors. For instance,  

the formaldehyde concentration directly after installation of conventional materials in  

a typical apartment was estimated as ~45 ppb, compared to 14 ppb for green materials.  

However, the concentrations of formaldehyde are below the WHO (2010) guideline value, 

which suggests concentrations below 80 ppb of formaldehyde do not cause cancer. The eye 

and airway irritation reported at concentrations of ~480-800 ppb (Wolkoff and Nielsen, 

2010), was much higher than the formaldehyde concentrations presented both from 

conventional and green materials. The model results show that the concentrations of 

aldehydes arising from primary emissions from both types of materials are much higher than 

those from secondary emissions over the first 3 months based on model assumptions.  

The total aldehyde concentration following emissions from conventional and green materials 

directly after installation was ~130 ppb and ~40 ppb respectively. After the first three 

months, secondary emissions become more significant and lead to similar concentrations 

from both conventional and green materials (~10 ppb and 8.5 ppb total aldehyde 

concentrations respectively). Thus, green materials have the potential to have lower 

emissions immediately after installation indoors and can be considered as a better solution for 

buildings in terms of indoor air quality.  

The limitation of this study indicates that input parameters rely on the few 

measurement results found in different literature studies. Undoubtedly, models would benefit 
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from more extensive field measurements of ozone surface reactivity, including deposition 

velocities and product yields (also for a larger set of species than studied here), in real and 

occupied homes. Such information would permit the more accurate prediction of indoor 

concentrations, reduce model uncertainty and validate modelling results. Likewise, the same 

information for indoor pollutants other than ozone is currently absent but would be 

interesting to explore.  

Future studies should include aspects of the time history of surfaces i.e. ozone aging 

as well as prioritization of the type of surface for detailed studies. Also, in terms of green 

building materials more specific studies in terms of materials emissions are required. For 

instance, the profile of emissions with time from new materials is not well specified at 

present. The study of James and Yang (2005) showed that primary emissions of green 

materials decreased exponentially, but did not provide specific decay rates. Such information 

would be useful for more accurate modelling and for reducing the existing uncertainties in  

the model predictions.  

Among all the tested surfaces, the human body is the most efficient in terms of 

removing ozone from indoor air per square meter. However, in terms of the total removal of 

ozone from typical apartments, soft furniture and painted walls are more important due to 

their large surface areas. The modelling results for human emissions indoors show that the air 

exchange rate, size of the indoor space and indoor occupancy are key factors. When the air 

exchange rate is lower, breath emissions become more important as dilution decreases, but 

skin emissions which are initialised by ozone (originally from outdoors) become less 

important. Furthermore, human emissions indoors are subject to the size of indoor space. For 

instance, the concentration of nonanal following skin emissions was ~0.1 ppb and ~0.5 ppb in 

the apartment and in the bedroom (during typical summer time conditions in Milan,  

AER = 0.76 h
-1

) respectively. Given that skin surface to volume ratio was smaller in  

the apartment than in the bedroom, the concentrations of carbonyl species following skin 

emissions were also lower. However, the concentration of nonanal in the classroom during 

typical summer time conditions in Milan (AER = 1.2 h
-1

)
 
when occupants were present was 

up to ~5.3 ppb. Not surprisingly, highly occupied indoor environments, such as classrooms 

have high concentrations of some pollutants indoors. Nevertheless, breath emissions become 

more important when the air exchange rate is lower. For instance, the isoprene concentration 

in the apartment when the air exchange rate was 0.2 h
-1

 was ~7 ppb and decreased to ~1 ppb 

when the air exchange rate increased to 2.0 h
-1

. However, comparing the concentrations of 

secondary products following breath emissions in the apartment and in the bedroom,  
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the results show that the concentrations are much higher in smaller indoor air spaces. For 

instance, the isoprene concentration was approximately ten times higher in the bedroom than 

in the apartment (~19.2 ppb and ~2 ppb respectively when AER = 0.76 h
-1

).  

Clearly, human emissions are important in terms of the overall indoor emissions. 

Subjects of a study might differ from one to another since each person has differences in 

metabolism, age, habits such as eating, drinking or smoking, and therefore can show different 

skin and breath emissions. Thus, it is difficult to choose appropriate inputs for models since 

each study presents different conditions and uses different subjects. Monte Carlo analysis, 

which relies on repeated random sampling, would potentially be useful to generate more wide 

ranging input parameters to enable exploring the results over a larger range of potential 

scenarios. Also, a wide range of secondary pollutants is formed following ozone – human 

body interactions, some of which may be harmful to health (Weschler et al., 2007). More 

health studies are necessary to provide guideline values, particularly given research indicates 

that surface-derived secondary pollutants can be more damaging for human health than the 

primary emissions, causing asthma and pulmonary infections (Mendell, 2007; Weschler et 

al., 2007).  

Different activities indoors may enhance indoor air pollution. For instance, cleaning is 

one of the main sources contributing to higher pollutant concentrations indoors. Given that 

cleaning products or air fresheners contain a mixture of commonly found terpenes, this study 

has highlighted the complexity of chemical processes following terpene mixture oxidation. 

For instance, formaldehyde concentration was found to be highest (~32 ppb) when limonene 

underwent ozonolysis in isolation, whereas glyoxal, methylglyoxal and pinonaldehyde 

showed higher concentrations following α-pinene ozonolysis (130 ppt, 1.2 x 10
-2

 ppt and 35 

ppb respectively). However, the 4-OPA concentration was highest following ozonolysis of 

the limonene - α-pinene mixture (~8 x 10
-3

 ppt) rather than limonene only (~3 x 10
-3

 ppt). 

There are more complex mixtures in use indoors and currently there are no guideline limits 

for a wide range of carbonyl species. There is a clear need for measurements of different 

mixtures of terpenes in real indoor scenarios, to quantify the concentrations of gas and 

particle-phase products that are formed, particularly those with known or suspected adverse 

health effects. It is important to understand these differences, as one can then consider 

changes to product formulation that might produce less harmful species as secondary 

products. Clearly, such improved formulations would decrease potential adverse health 

effects indoors, especially for those using the cleaning products regularly or who are more 

susceptible to adverse health effects from using them.  
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7.2 Future implications 

In conclusion, future indoor air models should be more integrated, include real 

building scenarios and a wider range of different sources of indoor air pollution that may 

enhance chemical processes indoors. At the moment, indoor air models tend to focus on 

either chemistry or ventilation or surface interaction indoors, but very few consider all of  

the relevant aspects together. Future studies should include all of the different sources and 

processes indoors that have an impact on indoor air pollution. Likewise, the chemical 

mechanisms need to be developed to include more schemes for species commonly found 

indoors like α-terpinene or terpinolene. Also, to reduce model uncertainties, more 

experimental measurements are needed for gas-phase product yields, deposition velocities of 

a wider range of species, outdoor concentrations and photolysis rates.  

Future cities will continue to aim to reduce energy use such as through  

the construction of energy efficient buildings (Asdrubali et al., 2015). Modern buildings are 

likely to become more airtight (with lower air exchange rates) and could potentially have 

worse indoor air quality than presently experienced (Stephen, 1998; Uhde and Salthammer, 

2007; Sundell et al., 2011; Dimitroulopoulou, 2012). It is crucial to understand the causes of 

poor indoor air quality and the consequences it might bring, particularly in terms of human 

exposure effects. Thus, it is important to take into consideration adequate ventilation of 

indoor environments (higher than 0.5 h
-1

, which is currently a standard in many European 

countries (Dimitroulopoulou, 2012)), the wider application of green materials instead of 

conventional ones, as well as educating consumers more widely about choosing and using 

cleaning or personal care products. Also, to evaluate more precisely any health effects of 

indoor air pollution, there is a need for cooperation between chemists, health and building 

scientists. 

Currently, there is a lack of awareness of indoor air quality issues, the sources of 

indoor air pollution and the potentially better practice that could be implemented by building 

managers and occupants. Undoubtedly, future building design should be improved, not only 

thinking about minimisation of costs, but also improving the quality of the materials and 

products (Asdrubali et al., 2015). Indeed, application of non-toxic and renewable materials 

that passively remove gaseous pollutants, particularly ozone, may enhance the indoor air 

quality (Darling et al., 2016), which may be important for reducing pollutant formation 

indoors under some conditions. In addition, filtering particles from air inlets in mechanically 
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ventilated buildings (Jamriska et al., 2003) or improving formulation of cleaning and personal 

care products may improve the air quality indoors and diminish adverse health effects.  

Smart cities of the future will need innovative technologies with intelligent design 

solutions to help to improve indoor air quality. For instance, developing digital concepts in  

a city, such as remote sensors and digital data application could improve information 

accessibility for inhabitants and also raise awareness about the potential problem (Nam and 

Pardo, 2011; Cimmino et al., 2014). Urban environmental monitoring may include further 

development in the areas of complex in situ miniaturised sensors, low cost user-friendly 

platforms, and innovative smartphone applications (Hancke and Hancke Jr, 2013). Hence,  

a fully functional system could contain self-configurable sensor units to constantly monitor 

air quality in buildings in cities, with the data transmitted and analysed in real time. Such 

systems would allow appropriate mitigation measures to be applied when concentrations of 

air pollutants reached detrimental concentrations indoor (Kitchin, 2014). 
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