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Abstract

This thesis aimed to understand the causes, controls and consequences of managing indoor air
guality with an emphasis otventilation throughoytand considerations to energy efficiency

This was achievethrough tlmee complimentary sets of experiments.

First this thesis analysed particle number concentratisesciated with a series of discrete

cooking events to evaluate the efficacy of différent y pes of ventil ation in
settings. We identifié and characterised 128 discrete cooking events and observed large
increasegup to 16 particles/cr) in particle number concentration in response to these events.

A series of key mettis were adopted to enable comparisons to be made between differeat sou

and ventilation combinations which revealed that natural ventilav@sithe most effective

means of reducing particle number concentrations in terms of time to background

Secondyve replicated these discrete cooking experiments in a specialistdiést to quantify

the energy penalties associated with attempts to improve indoor air quality through use of
ventilation. We foundthat energy penalties are mod€8t082 0.193 kW) if a period of
window opening was restricted to no more than 20 minaed that the indoor air quality
benefits from this are significant in terms of particle removal. We found that the energy
penalties associated with mechanical extragitilation were even lower for such a period
(0.063kWh),and that mechanical ventilati provides the best means of meetihg dual

objectives of good indoor air qualignd energy efficiency

Third, we investigated the prevalence of volatile organmmounds within buildings across a
university campus to assess the association betvadatile’ organic compounds concentrations

and sustainable building standards. We concluded that there were no associations between
sustainable building standard ratingsd volatile organic compound concentrations, which
could result from a lack of indooiraguality related incentives. We suggest a framework for
future sustainable building assessmémt not only considers ventilation for improving
building sustainabity and indoor air qualitybut alsocombines continuous total volatile

organic compouncheasurements with detailed speciation.

This thesis was supported by NAQTS who provided access to portableyfsfageart V2000
air quality monitoring units. We reftt on the value of such instrumentation and the role it may

play in raising public awaness of indoor air quality issues in public and private settings.
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1.0.Introduction

1.1. Background Context

1.1.1. What is Indoor Air Quality?

Al ndoor Air Qualityo (1 AQ) has no wunivers
related to pollutants e(g., biological, chemical and physical) within indoor
environments that can affect thealth ofoccupantsbut definitions can vary depending

on perspectives of the human user, the characteristics of indoor space and the sources
contributing to the indoor air pollution (Steinemann et2017). Brown (2019) defines

| AQ as i wh ade asvhe tempermtere, huenidity, ventilation and chemical or
biological contaminants of the air inside itomdust r i al buil dingso
Ehvironment al Protection Agency (EPA) de f
around buildings and structuresspecially as it relates to the health and comfort of

building occupantso (Steinemann et al ., 2

Historically, studies of IAQ have been dg@ly overshadowed by studies of outdoor or
ambient air quality. However, in tiveesternworld, we spend the maijity of our time
indoors (>90% of our time) where we are exposed to various pollutants (Isaxon et al.,
2015). There is growing public awarenedsut the risks associated with poor 1AQ
particularly in homes and workplacéBernstein et al., 2008 We know in@or air
pollution may cause or aggravate illnesses (Daisey et al., 2003, Mendell, 2007), increase
mortality (WHO, 2010), and have major economic and social impacts (Fisk and
Rosenfeld, 1997, Fisét al, 2011).Indoor air is a dominant exposure route fonfans

and IAQ plays a major role with regard to public health (Sundell, 2004). Logue et al

(2011) estimated th effect in disability-adjusted life years per person per year



(uUDALY/plyear) from all sources attributable to IAQ excludisgconghandsmoke
andradon andound it to be in the range between the health effects of road traffic
accidents4000uDALY/p/year) and heart disease (11,00DALY/p/year) (Guyot et

al., 2018). Of late, thereas been a growing interest in IAQ, and this is reflected in the
increasing number of studies in this area. The-avehing topic of this thesis is I1AQ,
and thigntroductory tapter will summarisesome of theurrent knowledge in this area

which will belater discussed in the literature (Chapter 2)

1.1.2. Sources and Characsation

IAQ is considered a subset of indoor environmental quality (IEQ) that also includes
factors sgh as lighting, ergonomicagousticsand temperature in addition to pollutan
(Steinemann et al., 2017). Many different factors contribute to the overall quality of air
in an indoor environment. Indoor pollution sources that release gases or part@les i
the air are the primary cause of IAQ problems. Published research hsidkaified

the major sources and types of pollution (gaseous and particulate pollutants) in the
indoor environment. We know that indoor environments represent a mixturéoof in
and outdoor pollutants, with outdoor pollutants typically associated weitticular
traffic and industrial activities, entering indoor environments by infiltration and/or
through natural and mechanical ventilation systé@iacinelli and Martinelli, 2017)
Indoor pollutants originate inside the building, from building mateaatsfurnishings,
activities undertaken within the building (including the use of combustion appliances,
heating systems, and the storage and application of cleaning and copsoduets)

and the behaviour and presence of occupants (microbial and metabosisions)
(Sepg@nen, 2008; Han et al., 2010; Kumar et al., 2016; CinciaetiMartinelli, 2017;

Salvador et al., 2019). IAQ can also vary according to i) the building ¢basticse.g.,



type of foundation, presence or absence of mechanical viemtjlatrtightness.and
envelope integrityandii) the characteristics of the outdoor environment (Lavesseur et

al., 2017).

In many countries there is no law or body that regsldAQ even though people
typically spend more than 90% of their time indoansl 70% of that time inside their
home, with pollutant levels typically several times to several hundred times higher
indoors than outdooréSteinemann et al2017; Kruzaand Caslaw, 20B; Brown,
2019).That being said the degree of outdoor pollution is strongly dependemiag

factors including theountryin questionHowever, this situation is beginning to change

as more countries are adopting legislation and standardaitet particular pollutants

or aspects of IAQ such as ventilation. In the UK for example, a statement issued by the
UK Government in 2019 presents a series of IAQ guidelines derived from scientific
literature for selected pollutants, to control theirelsvin the indoor environment
through informing discussions on source control and raising awareness, reflecting some
progress towards regulation (Public Health England, 2019)ight of the current
coronavirus pandemiwhere we now spend more time indedAQ developments are
acceleated and there is increasing pressure on employers to address the issue of

providing good indoor air quality.

Exploring indoor sources of air pollutants involves evaluating the processes and
products which are used indooBr¢wn, 2019). Most air qualitgtudies undertaken by
governments and scientists, particularly those of a regulatory nature, use static,
expensive, regulatiegrade monitoring equipment to measure and assess pollutant
concentrations (Lewis et al., 2016). \Mever, equivalent measuremeitsn now be

made usinglow-cost sensors which can be used to measure multiple pollutants



simultaneously at multiple locations (Piedrahita et28114). There has been increasing
awareness of the use and practicalities of $omkcost sensors in air qualitesearch,

and many studies have evaluated their potential for improving public awareness about
IAQ risks and burden@_ewis et al., 2016)IAQ is, however, difficult to measure and
assess due to (i) the lack of consistemtrios, standards and consensums what
constitutes favourable 1AQ; (ii) the diversity and complexity of pollutants found indoors
that can affect human health and watingand diversity of issues associated with the
range of different environmentsii) the inadequate understandinfylioks between
pollutant levels indoors, exposure to those pollutants and their effects; (iv) the range of
health effects related to indoor pollutant exposures and (v) the lack of requirements to

measure and monitor IAQ (Stemann et al., 2017).

1.2. Prddlem Statement

Numerous strategies have been presented in the scientific literature that target
improvements in IAQ, particularly at the design stage of a building, which is when most
IAQ problems arisgLiddament, 1996) Srategies to improve IAQ includsource
control, ventilation and air cleaning. Source control helps reduce or eliminate individual
sources of contamination or emission (Levasseur et al., 2017) and is considered the most
effective strategy for improving IAQMatson and Sherman, 2004 Adequate
ventilation is also required to introduce and circulate fresh air throughout a building and
remove or dilute contaminated indoor air to provide a healthy and cométitahh
environment (Dimitroudpouou, 2012). Ventilation rate, expressed as air changes per
hour (ACH), is an important determinant for the ingress of ambient air pollutants and
removal of indoor pollutantéBreen et al., 2004 Natural ventilatioroccurs when air

infiltrates through unintentional leaks in theilding envelope, througlntentional



openings (such as open windows, ventilation ducts) and via coupled spaces such as
crawlspaces, basements and attics (Liu et al8&0Mechanical ventilation and other
measures such as extractors can also help dgload IAQ (Levasseur el.a2017).
Mechanical ventilation, creating airflow in and out of a building (Sepp, 2008) adds

to the energy demands of a building bah overcome drawbacks of natural ventilation

by providing a controlled rate of air changeresponse to the varyiragcupant needs

and pollutant loads (Liddament, 1996). Air cleaning is another way to improve IAQ

such as usingigh-efficiency particulatair (HEPA)filters.

We know that buildings consume a significant fraction of total enevggumption (a

pXo worldwide); thus, are responsible for much of the anthropogenic carbon dioxide
emitted that contributes to climate change (Thomsen et al., 2016). Increasing the
airtightness of a building saves energy but negatively impacts upon IAQodae t
reduction in the inftration rate and increase in concentratiohgontaminants with

indoor sources (Seppen, 2008; Persiland Emmerich, 202; Langer et al., 2015;
Hamilton et al., 2017; Awbi, 2017). It is not desirable to increase infiltrationgoove

IAQ asitisposii vely correlated with heating ene
Dimitrouloupou, 2012). Many organisations are struggling to deal with reducing
energy use whilst maintaining acceptable 1/&penglerand Chen, 2000; Se@pen,

2008) Several methods have been proposed that target improvements in IAQ without
negatively affecting energy consumption such as demand controlled tremiizreen
buildings, cetified by various programs (such as BREEAM) typically emphasise
efficient use of energy and resources and to a lesser extent, health and indoor air quality.
IAQ has been included as one of the default elements of this and ohieenesc
presently in usavhich is assessed through awarded credits in the rating systems of such

programsHowever, concerns have been expressed since IAQ credits contribute to such
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a small percentage of credits overall, as to whether the I1AQ creditshrssluemes are

sufficientand allow adequate incentive to pursue these ci&teésmemann et al., 2017).

1.3. Aims and Objectives

The research undertaken in this thesis makes a significant contribution to the broader
indoor air science area focusing on aachedying current gaps understanding and
knowledgeThe overall aim of the thesis is to evaluate the sources of indoor air pollution
and the controls on IAQ within residential and educational reoreronments and to
explore the dichotomy between go?d) and energy efficieng identifying how we

can harmoniously achieve thesmmetimes conflicting objectivesCooking sources

are targeted in this study due to the daily nature of these activities and recent research
highlighting the potential harmfulature opollutants generated through these activities

This aim will be achieved by addressing the following objectives

1 Using low cost, portable monitoring units to measure pollution levels under
different ventilation regimes in sponse to discrete ckiog events in;
a) a specialist test facility and
b) a selection of households in NW England
1 Quantify VOCs between and within sustainably accredited (BREEAM)
buildings to assess potential VOC sources and relationships between IAQ and

sustainability accrathtion.

1.4. Thesis Organisation and Structure

The research in the thesis is concerned with various aspects of IAQ which is of critical
importance due to aforementioned negative health effects of poor IAQ. An extensive

literature review was conducted prio undertaking the work in this thesis to exsdé



current research in the field of indoor air science and evaluate the research gaps that
could be addressed with future work (ChapterThe following chapte{Chapter 3)

refers to the instruments useddvaluate IAQ in the research undertaken thinoug

this thesisThe main chaptergl{6) that comprise the thesis discuss an array of data that
was collected between February 2017 and February 2020, with each focussing on one

of the objectivesutlinedin section 1.3.

Chapter 2: This presents a reviefithe available literature in indoor air science. Topics
covered in the literature review include indoor sources and characterisation, controls on
pollutant concentrations, measurements and instrumentatiprgving IAQ and IAQ

energy efficiency conflict

Chapter 3: This chapter presents an overview of the instrurasats for indoor air
quality monitoring in the work undertaken throughout this thesis and a technical

specification of these instruments.

Chagper 4: This chapter presents results from a gtildit deployed high time resolution

air quality instruments with multiple pollutant monitoring capabilities in a selection of
households in the NW of England. This study aimed to examine the temporal tald spa
particle response to typical episodic hdusdd cooking activities and the influendest
control cooking emissions, including exposure mitigation to generated particles via

natural and mechanical ventilation and housing layout.

Chapterb: This chaper presents novel pilot study that replicatesoking activities
within the Salford Energy House under different ventilation regimes to asseseftsaade
between IAQ and energy efficienc¥his pilot study brings new knowledge and
understanding to theoaflicting objectives of good IAQ and energy ieiéncy in

existing dwellings, through examining temporal variations in indoor pollutant
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concentrations from discrete cooking activities. The Energy House provided a unique
opportunity to study particle numise and indoor temperatures at unprecedented
temporal resolution. The energy consequences of ventilation are important to consider

as these are significant for reducing residential energy use.

Chapter6: This chapter discusses the results of a study theattified indoor VOCs
within sustainability acciited buildings (BREEAM certified) at a UK university
during periods of nofccupancy (building dependent) and occupancy (activity
dependent) using a sieve mapping approach. This study aimed to assesstbaqae

and concentration of VOCs in high pemmance buildings with sustainability
credentials. This was in order to evaluate sources of VOCs and the relevance of 1AQ
credits in BREEAM accreditation in order to determine whether the current approach

for accreditation is fit for purpose.

Chapter7: This chapter summarises the main findings of the thesis and based on this

offers recommendations for future research in the area of indoor air science.

1.5. Declaration

This PhD was undertaken with a stapt SME, National Air Quality Testing Services
(NAQTS, https://www.nagts.com/). Part of the thesis involved testing and utilising their
portable V1000/VV2000 air quality monitoring units which can simultaneously monitor
avariety of gaseous and particulate pahits and environmental conditio@hapter 3
presents a technical review of the NAQTS monitoring units. This is followed up in the
Appendix with a series ahortterm case studies designed to examine its effewtsse

for a variety of pollutants.



2.0. Literature Review

2.1. Introduction

Indoor air quality (IAQ) is concerned with concentrations of pollutants and thermal
conditions that may negatively affect the health, comfort and performance of a

bui | di napté ubba20d 7). Kubba (2017) statesatithe four basic factors that
influence |1 AQ are (i) a buildingds occup
possible pollutant pathways and (iv) possible sources of contaminants. Interest in IAQ
began throughssociations with health. It is well und®od that indoor pollutants, even

at low concentrations, act as respiratory irritants, toxicants, adjuvants or carriers of
allergen (Bernstein et .al2008) and have led to lung cancer, chronic obstructive

pulmorary disease and cardiovascular diseass&2pe et a) 2019).

Today, the average person spends 90% of their time indoors and 70% of that inside their
home (Notmarand Carslaw, 2018). Therefore, it is important to understand IAQ and

its related problemdhis forms the basis for remediating thpseblems and improving

IAQ for the health and welbeing of occupants. This literature review discusses current
understanding in the overall topic of indoor air science, in order to identify research

gaps which,drm the basis of the research presentatigthesis.

2.2. Indoor Sources and Characteristics

We know that indoor environments include pollutants from external sources (such as
vehicular traffic), which enter by infiltration and/or ventilation systenmsl mternal
sourceqCincinelliandMartinelli, 2017) Indoor contaminants originate from building
materials and furnishings, activities undertaken within the building (including the use

of combustion appliances, heating systems, and the storage andtapplé cleaning



solvents and consumer galucts) and the presence and behaviour of occupants
(microbial and metabolic emissions) (Sépen, 2008; Han et al., 2010; Kumar et al.,
2016; CincinelliandMartinelli, 2017; Salvador et al., 2019hough invasie, and both

ti me and c o s tearnpet a. R01Ba) manwresealcli@® bhave characterised
the temporal and spatial patterns of common pollutants (particulate matter, inorganic
gases and microbial and chemical volatile organic compounds (Bernsa&in2908)

in various indoor microenv@nments, which vary between pollutant species and among
and within buildings (Sundell et.aP011).A large number of studies have focussed on
domestic residences, particularly kitchens and living rooms due to the amount of time
that occupants spend inetfe microenvironments, and the presence of major indoor
sources. Studies of schools and universitdices and commercial buildings are also

relatively commor(Vu et al., 2017)

The concentration of individual pollutants indoors depends on (i) emissies from
various indoor sources (ii) rates of transport from outdoors to indoors and (iiijéke ra
at which they araleposited onndoor surfaces, consumed by indoor chemistry and

removed by ventilation/filtration (WeschlandCarslaw, 2018).

2.2.1Particles

Particle number concentratioBNC) vary from low values (<IOparticles/cr) in
clean ioor environments to high values (3J@rticles/cm) during active periods of
occupancy and very higlalues (>18 particles/cr) in the presence of intemsndoor

sources (Bo et al., 2017; Isaxenal., 2015).

Recent studies highlight the main indoortjde sources relate to cooking activities
including frying, sautéing, toasting and bakithgng et al., 2000)However, smoking

has also been associatedthwhigh PNC, as has the use of household appliances
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including gadfired ranges and ovens, kerosdreaters, woodtoves and fireplaces,
along with other more general activities including incense burning, walking and
vacuuming (Long et al., 2000). Combuwstisources tend to elevate ultrafine (UFP, <0.1
pm), fine or accumulation mode (AMP) (02.5 um), and nanoparticle concentrations.

In contrast, activitiesesultirg in resuspensiore(g.,physical movement) tend to elevate
coarse particle concentration2.5 10 um) (Long et al., 2000; HowasReed et al.,
2003; Bo et al., 2017). There is an extensiveyboiliterature analysing particulate
pollution, particularly from cookingelated activitiesEpisodic sources such as cooking
are the cause of peak contations and variability in exposure among buildings

(Bhanger et al., 2011).

Residential environments are perhaps the most commonly studied enviroriviasits.
airborne particles in residences, when expressdeN&% are generated by residents
themselves tlough combustion/thermal related activities (Isaxon et al., 2015; Fantke et
al., 2017); cooking, woodburning, candles and smokingighest UFP concentrations
have been associated with burning pure wax candles [241,000 partiélesmoking
(frying meat.electric and gas stove), smoking, and the use of electric heRéslsréon

et al., 2001 Afshari et al., 2005Gehin et al., 208; Bhanger et al., 2011). In contrast
vacuuming, sweeping, use of ntarpene cleaning products and ironing without steam
on acotton sheet [550 particles/éniave not appeared to lead to a notable enhancement
of PNC (Bhanger et al., 2011). Though not considered in this reuies/,use and
application ofchemical cleanergan generatéJFP and coarse particlesvhich is
particulaly attributed to the oxidation dncondensation of VOCs contained with them

(Vu et al., 2017).
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Cooking is an important part of daily food preparation in residential and commercial
settings for the safety and enhancement of a substantial number of foodtpydo
reduce fooeborne ilineses, and to alter the composition of food prod(idesgerand
Morawicki, 2013) It is alsoone of the most significamidoorsources of particles and
organic gas emissions (Dennekamp et al., 2001; Wallace et al., 20@4jenekt al.,
2011; Kearney et al2011; WallaceandOtt, 2011; Rim et al., 2012; Klein et al., 2019)
which canreach hazardous concentrations in the kitchen spacelsehere in the
internal environment. Therefore, it can contrilsigmificantly to pesonal exposurand
adversely affet health if concentrations are not maintained below héalted
thresholdsl(ogueandSinger, 2014; Lundenetal., 2§06 Lear y e tHigal . ,
cooking temperatures and cooking practices more gengetigratdarge amounts of
smokewhichmay cooland nucleate to forrdFPsthat dominate number concentration
but contribute negligibly to particle mass concentration fdral Hq 2008; Nazaroff,
2018). It has long beercognisedhat cooking can create high concentnasg of visible
aerosol indoors hlwcooking it is now also being considered a significant component of
particlesoutdoos (Abdullahi et al., 2013). Cooking emission studies have been carried
out in real world environments wheeenissionsare influenced bywumerousfactors
(e.g.,room arragement, building materials, outdoor infiltration, other combustion
devices, ventilation and cooking metho@&pdullahi et al., 2013)Emission studies
have also been conducted in controlled environments where measureanents
influencedby few factorsmanly the fuel and foodised(Abdullahi et al., 2013Fewer
studies focus on cooking in commercial settings, though some of this work has been

undertaken (Lee et al., 2001; Ots et al., 2016; Gysel et al., 2018).

Numerous @searchers havevestigated cooking emissions and influencing factors but

reported emission rates are highly variable due to the many influencing factors and
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complications associated with reabrld environments. Examples include toasted
bread (9.5 10.8mg/min), friedchicken breast (15&g/ mi n) and deep fr
fries (0.34+ 0.03mg/min) ( O6 L e a r.,y201@a). It head been said thgpeak
concentrations may be more i mportant for
averagesGarrett etal., 1998. PeakPNGCs from cooking hae been found to be higher

than reported outdoor peak concentrations by at least an order of magnitude. Zhang et
al. (2010) reported increases in UFP exposure up to 550 times that of background levels
during cooking.Concerrations of betwen 90,000 150,000 particles/cfn 400,000
particles/cmd and 200,000300,000 particles/ctnhave been found from scrambling
eggg(Li et al., 1993 from deep frying tortillas on a gas stove burner followed by baking

in the oven and from sautéing shrimp on a gas stovetop hiviadlaceandOtt, 2011
respectivelyDennekamp et a(2001) and Afshari et al(2005)noted that UFPs rose to

a peak of 150,00particles/cm simply by turning on 4 gasngs (or in the latter frying

meat on an electric stove) and them peak of 590,008articles/crwhen frying bacon.

The cooking of individual components, rather than full meals, may not be representative
of typical home meal preparation OO0 L ela(ROj9a)estdiedaemission rates and
source strengths for complete meals. Likewise, He. €2@04) characterised cooking
emissions,finding variableemission rate of 0.03/2.78 mgmin and peakPNC of
between 16,000 and 180,000 particles”. Increased wmber and valme
concentrations during dinnertime may, in part, hagen due to the increased time of
cooking (He et al., 2004)More research is required to assedECRemissions from

cooking full meals.

The Home Observations of Microbial and Environme&bemistry HOMEChem)

study has made some progress in this area in investigating the influence of everyday
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activities on the emission, chemical transformation and removal of gases and particles
indoors through extensive collaborative reseaf&armer et b, 2019). Sequential
experiments repeating similar activities throughout the wdaye interspersed with
periods of enhanced ventilation (window opening) to investigate emig§ianser et

al., 2019) Layered experiments replicated cooking and cleaadigities throughout

the day with no interspersed window opening to simulatelifealse of a home
(Farmer et al., 2019Puring cooking events, large particle enhancements oebich by
number are largely in the ultrafine moa@th a substantial fidion owing to chemical
species related to cooking oflsarmer et al., 2019) (Figure 2.Bubstantiamass changes

arealsoobserved in the accumulation and sup&ron modes (Farmer et al., 2019).
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Figure 2.1 Particulate response to typical &ong activities in the HOMEChem Studga)
particulate matter mass concentration measurements from typical cooking activities during the
HOMEChem experiments according to particle size dmdneasurearticle concentration
plotted against particle sizerfindividual cooking events (Farmer et al., 2019)

Most UFPs are said to be produced in response to the flame or heating elements, rather
than the pots, pans or food (Wallace et al., 2008nethelesanore recent work
highlightsthere is evidence that tlomoking equipment itself can influence emission

raes especially when there i s absorbed org
et al., 2019a)Indeed,particle emission rates from and during the processes used in
cooking €.g., frying, roasting, glling, boiling) are seen tespan several ordersf
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magnitude; affected by ingredienfgpcedurescooking style or setting and cooking
temperature as well as air exchange rates and oxidant precursor levels (Abdullahi et al.,
201 3; OO Lear yKleie et ala 2019)Dr2y0, 1 9vagt er bsed ed, a
cooking processeshaveer y di fferent emission rates,
frying and grilling, having the highestates (up to 30 and 90 times the ambient
concentrationfHe et al., 2004 Higher particle number@nd mass concentrations leav

also been found at higher cooking temperatures by some reseaBikgreannand

Sattler (1996show that thePNCs increased twofold with an increase of the oll
temperature from 223 to 25€. Evidence suggesthat cooking igredients influence

PMa.s emissions, and oil type (smoke poicwmpositionand water content) is perhaps

the most significant O6 Leary et Thl. ef2@t9%9a3) of eqq,on ess
seasonings, on emission rates have also been investigatéioer contradictinghe

previous assertion food tyges beerfound to beimportant, with the fat content of

foods and their emission rate beingliy correlated O6 Lear y eRuelgge. , 201
is also significantHigher emission rates are reported when using gas buat@es

than electric hobs bBuonanno et al. (200®ut not by others

Particle size distributions have been extensively etudit is well known that
combustion generated particles are considerably smaller thaqu@.,50ften smaller
thanl um, justifying the use of number concentration of ultrafine particles as a more
relevant metric than mass when determining residentialsexpdo combustion related
particles (Isaxon et al., 2019Ylost of the particles emitted from gas/electric stoves
have been sedn be less than 0.Q4m with the pealPNCsoccurring around 0.003m

to 0.006um (Wallace et al., 2008; Rim et.aP012)anda slight shift in size during
frying of bacon (0.080.1 um) (Dennekamp et al., 20Q1Wallace et al (2006)

highlighted a shift towards larger particle sizes for more complex dinnertime cooking,
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such as using gas burners,-fiying and parrying (0.036 0.04um) and using a gas

oven (broiling fish, baking potatoes) (0.045046 um). Singerand Delp (20L8)
summarised @oking sources that produced large numbers of particles at size fractions
<0.3um; heating water on a gas stove, cooking a pizza in a gas ogoking pancakes

over medium heat, and toasti ngandthosethad i n a
generated large quantities of P¥heating oil in a wok on gas or electric burners, frying

bacon, toasting 4 slices of bread in atoastercwend st i r frying greert

burner

Particles in indoor air are influenced grious physal and chemicgbrocesses which
change their physical characteristics, chemical composition and concentrBeds (
et al., 2020)Particle exposure fronmdoor sources is a function of the source strength
and losses due to air exchange, filtration,gedation, and deposition (Wallace et al.,
2019). All previous studieassessingarticle count dat&rom cookingshow similar
temporaltrends. Concentratig from the onset of cooking are initially low, then rise
steeply with the rate of increase depegdon many factors including the cooking
method, the relative location between the source and the sampling area and the indoor
airflow (buoyancy and conveotn) (Laiand Hg 2008). Concentrations increase over
time as the cooking continueglicating ongoig emissions of particlesligh peaks in
concentration are quickly generate@fshari et al., 2005) with maximum
concentrations reached between a few mmated a half hour (Afshari et al., 2005;

Klein et al., 2019).

After cooking stops, concentrationsalease towards background levels at a rate that is
usually exponentialwith the rate of decrease of particle concentration iitie

proportional to the ancentratiop determined by air change rate (governed by
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ventilation, mainly that provided by a kitchen fan and/or natural ventilation) and
deposition on interior surfaces (and where number concentration is higher than 10,000
20,000particles¢m?, by coaglation) (Isaon et al., 2015)Typically, the increase of

the particle concentration immediately after the onset of cooking is more rapid than the
observed decay once cooking has ceadauaring the decay, the total number
concentration decreases with tiared the partle size distribution moves toward larger
particle sizes as the aerosol ages (Wallace, 2000; Abt et al., 2000; Dennekamp et al.,

2001).

The lifetime of the cooking aerosol particles in the kitchen has been reported to vary
between #6 h (Husein et al., 2006)PNCsin adjacent living spaces can also be
affected. Wan et al. (2011) noted tldating cooking average number concentrations
of UFPs and AMB were 2040 times and 10 times greater than background levels in
the kitchen and living roomespectively. PNCsthenremained elevatedfter cooking

for up to 90and 60minutes in the kitcheand living room.The average number mean
diameter of UFPs aniiMPs in the living room was about 1on larger than that in the

kitchen during cookinghighlighting coagulation effects (Wan et al., 2011)

Laboratory and fieldbased studies show combusti@tated particles contain a host of
organic and inorganic matal (Morawskaand Zhang, 2002; Klein et al., 2019)
including alkanes, fatty acids, alkanorgeyols, polycyclic aromatic hydrocarbons and
heterocyclic amines (Abdullahi et al., 2013) and more complex oxidised organic
molecules such as sorbic and lactioda(Farmer et al., 2019Experimental work has
characterisedookingemissions and found thahilst frying processes are the main driver

of larger and unsaturated aldehyde emissions, terpenes are mostly emitted due to condiment

use (Klein et al., 2019)Farmer et al(2019) found that organic aerosol dominated the
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submicron mass during cookiramd, while variable between meals and throughout cooking,
was dominated by components of hydrocarbon character and low oxygen content, similar to
cooking oil.Emitted particleevolve throughout cooking, becoming more oxygenated and

nitrogenated when foad added to cooking oil (Farmer et al., 2019).

2.2.2. Organic Compounds

Volatile organic compounds (VOCs thereafter), carbased chemicals which contain

a range of chemicabpecies (including saturated and unsaturated hydrocarbons,
carbonyls, alcoholsethers, esters, furanoids, amines, siloxanes and sulphides) with a
high vapour pressure at room temperature (abovekP@lat 20°C) (Goodman et al.,
2017), are prevalent iodr air pollutants. The most walbcumented VOCs are
benzene, toluenegethylbenzene, and xylene BTEX) compounds and 1,35
Trimethylbenzene (1,3;5MB). Documented indoor sources include consumer
products and building materials; wood (MDFs and particlards), thermal and
acoustic insulations, carpets, paints, coatings, induswlaents, adhesives, fireproof
materials, PVCf{looring, and furnishings (Shaw et al., 2005; Cacho et al., 2013).
Advances in construction and changes in building materialfydimg the use of
recycled material and more synthetic materials (Jones, 1888 introduced more
organic gases indoo(SpenglerandChen, 200D Even green consumer productslan

building materials can emit potentially hazardous VOCs (Goodman et al., 2018).

Formaldehyde, whose indoor concentrations typically exceed outdoor concentrations,

is often treted separately as it is not detected by gas chromatographic methods that
quantfy VOCs(Shawetal.,2005So ur ces i nclude additive de
building materials, furniture, sealant@mbustionand chemical reactions (Destaillats

etal.,, 2006 Singer etl., 2006 KruzaandCarslaw, 209). Recent research has shown
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that semtvolatile organic cmpounds (SVOCsgan also beemitted from building
materials; flooring, furniture, electrarg, plastic items, textiles, cleaning, and cosmetic

products (Kristensen et al., 2019).

Elevated VOC concentrations associated with difference source types amedntliffe
activities; building materialsfurnishings,and household products inside the living

space; occupants and their episodic activities; chemical processes; and transport from
outdoors or connected spadesve distinctivecharacteristics andre a concer for
residenti al |l AQ (Farmer et al ., 20s9). Hi
indoor emissions from building materials and furnishings (Kristensen et al., 2019)
When indoor sources are absent, concentrations are typically lower than sutoor

VOCs are expected to adsorb on surfaces or be chemically destroyed (Yurdakul et al.,

2017).

In the past, concern has focused on primary emissions from building materials and
furnishings (Liu et al.,2019) which may decajn daysor weeks, but seconda
emissions due to ageing of the matepalsist over longer periodSundell, 2004,
Praswukas et al., 2016 ompared to older buildings, recently constructed buildings
have shown increased carbonyl concentrations and total VOCs likely due to increased
ventilation in older dwellings and lower emissions from older building materials
(Molloy etal., 2012; Langer et al., 201%5easonably gootAQ in newerbuildings is
generally attributed to higher air exchange rates owing to mechanical ventilation.
Continuous emission patterns for many compounds indicate ongoing chemical
processes such as deqmusition and oxidation (Liu et al., 291 Liu et al (2019)
suggest slow decomposition of the wooden building envelope is a major source for

acetic acid, formic adi and methanol, which accounted for 75% of the total continuous
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indoor emissionsWhen conpared toconventional buildings, the IAQ of energy
efficient buildings has been marked by high concentrations of terpenes and hexaldehyde
likely attributed to woodr woodbased products (Derbez et al., 201gnger et al.

(2015) reported significant soees oftotal volatile organic compounds (TVOCGCs)

passive houses and formaldehyde in conventional houses.

Observed airflow patterns highlight theit pollutantscan enteroccupied spaces from
coupled zonese(g., crawlspaces, attic) (Liu et al., 291 Liu et al (2019) found
substantial upward intezonal airflows with most VOCs observed in the living spaces
of residences being emitted from sources directly tinéoliving spaceind negligible
transport from outdoor and coupled spaces. Sleeping envéots are usually
characterised by lower ventilation raté®eko et al., 2010) which tersdto promote
pollution accumulation (Canha et al., 2017). Mattresseswgslland bed linens are
often treated with flameetardants and contain residual detergenmonents and other
substances such as SVOCs that can tsispended during sleep and impact human

health (Canha et al., 2017; Boor et al., 2017).

Intermittent emiss o n s from occupants and their a
enhancements in VOC concenioas (Liu et al., 2019). Human occupants in buildings

enhance pollution owing to emissions of alcohols, hydrocarbons, aldehydes and ketones,
with concentrations in thrange of ppb to ppm including acetone, acetate and pentanal,

from skin oils and sheddingf skin flakes, rich in skin ailand breath (Verielle et al.,

2016; Weschleand Carslaw, 2018; Kruzand Carslaw, 209; Farmer et al., 2019).

Their concentrationni the indoor environment depends on the volume of the indoor

space, the air change ratiee number of individuals indoors and individual variations

such as diet (KruzandCarslaw, 209). Experimental studies show the sourbehaviour,
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and time seriesf& OCs, including oxidized organic acids, followihgman occupancy and

occupangctivities (cooking and cleaningyre complex (Farmer et al., 2019).

Many studies note that VOC exposures are
RIOPA study, Su etla(2013) found most VOC exposures {88%) in noasmoking
households occurred indoors. Z® with the highest average concentrations in
Michigan residences included aromatics (benzene, toluene and xylenes), which are
solventrelated and in household prodsic paints, adhesives, synthetic fragrances,
evaporated fuel and vehicle emissions, alkgneC7i 13 and methyl cyclohexanahd
terpenes (dimonene andJ}pinene), constituents of cleaning products, air fresheners
and fragrances (Chin et al., 2014). Batial (2015) similarly attributed VOCs in
residences to household products (44%), contruand environmental tobacco smoke
(10.5%), deodorizers (8.4%) and-gi@ssing of building materials (5.9%). Presence of

a carpet, use of a dishwasherashingclothes painting or varnishing floors and
furniture within the last 12 montltmused elevatecbncentrations of VOEin 60% of
homesstudied byBari et al (2015. Residential & exchange rate (AER, or ventilation)

has beennegatively associated with indodevels of toluenexylenes, styrene,
chloroform and monoterpene&Su et al., 2013). In terms of environmental factors,
ambient humidity and wind spe&erenegatively associated with indoor VOC levels

(Su et al., 2013).

Household,consumer,and maintenanc@roducts such as air fresheners, cleaning
products and personatare products can emit VOCs (such msnoterpenes
acetaldehyde, acetone, toluene, xylenes, decane, undecane, dodecane and ethanol)
during usage (Goodman et,&018;Massolo etl., 201Q Jenkin et al., 2000; Derbez

et al., 201Y. In HOMEChem, mopping ith pinescented cleaner raised limonene levels,
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while mopping with bleach solution raised chloroform leyEmer et al., 2019ndoor
emissions of cyclic volatile methylsiloxane (cVM®E{amethylcyclotetrasiloxane (D4),
decamethylcyclopentasiloxaneDg), and dodecamethylcyclohexasiloxane (D6))
associated witpersonal care products have also been st(iNzhroff et al., 2015; Yang

et al., 2018).

Educational institutions are commonly&ied indoor environments (Akal et al., 2015;
Allou et al., 2008 Chan et al., 2007; Godwisnd Batterman, 2007; Goodman et al.,
2018; Park et al., 2014; Solomon et al., 2008; Yurdakul et al., 2017) with a focus on
primary and high schools as they housghhdensity populationsf youngpeople who

are particularly vularable to air pollutants. Human emissions are important in highly
occupied spaces,g.,classrooms, more so now energy efficiency measures are making
buildings more airtight (KruzandCarslav, 2019). Zhong et al(2017) examined VOCs

in conventionakchls andschoolsbuilt to high sustainability credentialglost VOC
concentrations were low (mean €@/m° and the most prevalent were aromatic
compounds.g.,toluene, benzene, miylene andl,2,4trimethylbenzene (Zhong et

al., 2017)BTEX, terpene and formaldehyde concentrations were positively correlated
with the presence of vinyl and wood floor materials and negatively correlated (along
with TVOCs) with capeted floors, whilst VOCs (exceformaldehyde) were associated
with the presence of science class materials (Zhong et al., 2017). Building type
(conventional vs high performance) did not appedrawee asignificant influenceon

VOC concentrations (Zhorgt al., 2017).

Several internatinal studies have studied IAQ in university buildings but generally
university buildings have drawn less attention (Yurdakul et al., 2Gh&n et al. (2007)

studied VOCs across a university campus and attributed theudds; toluene and
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benzene to ingss from outdoors. Solomon et @008) found environmental tobacco
smoke was a main factor in indoor pollution at the University of Bremen and pollutants
associated with cleaning products and materials exhibited highegmations indoors

than outdoas. Goodman et a]2018) studied the prevalence and concentration of VOCs

at an Australian University across campus services, restrooms, renovated offices, a
green building, meeting areas and classrooms, revealing thepmevstient VOCs
(ethanol, dimonene and formaldehyde) had links with building materials, furnishings

and fragranced consumer products.

Dueto the use, application and storage of volatile solvents and chemmalats/ely
higher VOC concentrations have begetected in manfuniversity)buildings housing
laboratories (ValaanidisandVatistg 2006; Park et al., 2014; Yurdakul et al., 2017).
Park et al(2014) found concentrations of 11 VOCs within laboratory buildings were
significantly higher (mearil85 ug/mq) than those of netaboratorybuildings (mean:
12.1pg/m?®) owing to the presence and usdatforatory chemicajsethanol, acetone,
methylene chloride,-hexane and chloroform. Even when using fume hoods organic
materials can be a source of VOCs wheathd (Yurdakul et al., 2017). &ddition,
fume hoods may exacerbate outdoor air pollution (Park et al., 2014). Rumchev et al
(2003) and ValavanidiandVatista (2006) investigated IAQ in university laboratories
in Australia and Athens respectively (Pakal, 2014) showing occupantan be
exposed thigher levelof TVOCscompared tmonlaboratory environmentajthough

these can be reduced &y conditioning

2.2.3. Inorganic Gases

Combustion activities are responsible for elevating levelsoafe inorganic gaseous

pollutants indors, especially in residences. Carbon monoxide (CO) is formed from
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incomplete fuel combustion, and as such has been positively correlated with gas
cooking (Molloy et al., 2012). Carbon dioxide (§@s exhaled by humanand, in the
absence of combustiontaaties, is the greatest contributor to indoor concentrations
(Jones, 1990 Typical concentrations range from 7@000ppm but can exceed 3000

ppm when unvented appliances are ugkrhes,1999. Indoor ozone and ammonia
sources include air purifiers and laser printers, human emissions, pets and household
products respectivelySutton et al., 2000Zhangand Smith, 2003 Bernstein et al.,

2008; Salonen et al., 2018pdoor ammonia concentrations can be higher than outdoor
concentrations ({5 ppb) (Ampollini et al., 2019). Ammonia has been related to
(thanksgiving) cooking where concentratsmave been found to range between 24 and 130
ppb. A rapid ammonia increase as the oven is opened suggests thermal decomposition of
amino acids in meat proteins is responsible (Ampollini et al., 20@8por ozone
concentrations are highly variable, wabecific indoor sources including air purifiers, laser
printers and photocopiers (Salonen et al. 20MN8)ogen compounds form during
combustion. Primary indoor sources of nitrogen oxides are unventedruagoappliances,
heating appliances and tobaamoking (Vilcekova, 2011). Nitrogen oxides play key roles

in ozone formation.

2.3. Controls on Concentration

2.3.1. Building Characteristics

Occupant behaviour is an important determinant of pollutantecarations, which
varies between and within bdings.Indoor pollutant concentrations aisoinfluenced
by building age, sizetype, and use, which vary considerably, both in terms of
geographidocationand method of construction. Other influencingtéas include the

characteristics of interior nerials, the airtightness of the building envelope and type
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of ventilation system (LangeandBekd, 2013; Lavesseur et al., 2017). UK Building
regulations PastL and Fare related to indoor air quality amfve guidance of air
tightness and ventilation spectively (UK Government, 2@4). Proper building
envelope design and occupant behaviour can limit infiltration of contaminants from the
outside, while regular maintenance and inspection of buildings carerprefe
deterioration of building materials thare not designed to be exposed to the elements
(Levasseur et al., 201 Residential buildings constructed in the past two decades tend
to be more airtight than older buildings, with lower air exchange fateschler, 2009)
preventing ingress of outdopollutants. Conversely, newer buildings often have higher
concentrationsf airborne pollutants that are generated in the indoor environment from
materials and activities (Fortenberry et 2D19).Building operators and designers are
encouraged to avoitbw ventilation rates unless alternative effective measures are
employed (Sundell et al2011).When designing buildings, it is important to account
for local pollutiorgenerating processes by locating thareseparate rooms (Sejen,

2008).

Levasseur teal. (2017) stated that waust keep designing and buildidgerformand

buildings €.9., green and netero energybuildingg that promote goodAQ, and

energy efficiencySince the 1970s significant momentum toward energy conservation

in buildings hasdd to energy related building codes #rdresulted in the tightening

of building envelopes reducing air infiltratigMudarri, 2010. Regulations targeted

towards energy efficiency assoincluded in the UK Building Regulatiospproved
Documents (UK Government, 28d). Newer designs, construction practiced an
building materials for Agreeno buil dings
productscan potentially reducehemical exposurebut this is not always the case

(Zhorg et al., 2017).
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2.3.2. Indoor Chemistry

Chemical reactions occurring in materials,the surface of materials or in the gas phase
have a great influence on the chemical composition of indo@ulade aw Salthammer,
2007, Weschlerand Carslaw 2019. These bemical processes and their relation to
those occurring outdoors must be wafliderstood (Beket al., 2020)From 19912010

more than 250 peeeviewed publications addressed reactions among indoor pollutants
(Weschler, 2011 including oxidation, hydrolysis, acid/base, photolysis and
decomposition (Weschleand Carslaw, 2018)Most studies, at least initially, were
undertaken in controlled chambers, often neglecting the influence of occufzorog.
researchers have focusaalparticles being oxidised by ozone durapgsodic activities
such as cooking, and surfacediated ozoation driven by clothing and skire.Q.,
Fortenberry et al., 2019). Another trending topic is chemistry in hiddeditgispaces

and how this influences chemistry in occupied spaces (Wesad&Zarslaw, 2018).

The field of indoor air chemistry is mogrforward rapidly, accelerated someextent

by the Al fred P Sloan Foundat i onad@®elki Che mi
et al., 2020)In addition, INDAIRPOLLNET (20182022) is also addressing the current
state of knowledge of indoor air pollutiowith an emphasis on indoor air chemistry
(Indairpollnet, 2019).With increasing use, more studies into reactions r&ewqy

materials containing nanoparticles atsoenvisaged (WeschlendCarslaw, 2018).

The reaction between ozone sf@nd the terpenega class of VOCs) has been
extensively explored in the literatyggven the common occurrence of ozone in outdoor
air and terpenes in indoor environmentsich react fast enough to compete with air
change rates (Long et al., 2000; Wainman et al., 20@3chler, 2004; Fan et al., 2003;

Fan et al., 2005; Destaillats et al., 2006). Fan. é2@03) found that when{fvasadded
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to terpenes or a mixture 23 VOCs including terpefi¢pinene and dimonene)
reaction products included aldehydes, organic aaitu$ submicron particlesThe
mechanism for the reaction betweepnadd the terpenes was identified asa@dition
to a >C=C< bond of the terpene to form a primary ozonide, which reactsrftottorm
hydroxyl carbonyls for exampléFan et al., 2003 Fiedler et al (2005) shows
formaldehyde is a product of this reactiogreasing from 13g/m? (no ozone) to 40
pg/me in the presence of 4Ppb ozone Other experimental studies support these
findings, with reaction products includingnsaturated VOCs; the hydroxyl (OH),
hydroperoxy (HQ@), organic peroxy and nitrate (NP radicals, and Criegee
intermediategWeschlerand Carslaw, 2018). Fan et al (200&)d (Chen and Hopke,
2009 similarly discuss how addingz@o a mixture of VOCs led tdhé formation of

submicron particles.

Earlier studies did not investigate reactions between ozone and skin surface lipids
because they took place in unoccupied af@sesschler, 201pbut now such studies are
prevalent. Human occupants contribute to reactive chemicals. Breath is a significant
source of reactive chemicals indoorntaining isoprene, nitric oxide (NO) and
ammonia (Weschleand Carslaw 2018). Skin oils are transferred onto surfaces that
humans coract, and skin flakes can deposit on horizontal surfaces (Wesahéer
Carslav, 2018). Squalene has been considered the most important skin surface lipid that
readily reacts with ozonéWeschler, 2016 entering budings from outdoors via
ventilation and infiltration (Kruzaand Carslaw, 2018). Through the presence of
occupants indoors and decreases in oxidant levels, the formation of nitrated organic

species, potentially toxic compounds, can be affegteazaandCarslaw, 2018).
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The time available for chemical reactions indoors is determined by the building
ventilation rate, which influences reactasgpne,and seed particle concentrations, and

by dry deposition of the reactants (Langer et al., 2008rivy and Siegel, 2010;
WeschlerandCarslaw, 2018)-or gas phase reactions to influence indoor environments,

the time scale of the reaction must be competitive with air change (Wescliler

Carslaw, 2018). Emerging research focuses on twvwereenergybuildings, which

often have low ventilation rates providing more time forglaase chemistry (Weschler

and Carslaw, 2018). Salvador et §019) quantified the influence of ventilation on
occuparvrelated indoor air chemistry. Exposure to noxious prtelat ozone/bman

chemistry can be reduced by decreasing ventilation during periods with high outdoor
ozone levels. Turning off the ventilation overnight or on weekends may lead to the
accumulation of certain pollutants with indoor sources but could threitextent hat

ozone derived product s arTene toostramesdlo MotSa |l v a
apply to surface reactions, unless they involve airborne particles (Wesoti@arslaw,

2018). Higher rates ofterpene emissioiiSarwar et al., 20Q3and higher rates of
ventilationhave been shown tocrease @terpene reaction rates and reaction products
(Coleman et al., 20Q0®ut the latter W also dilutethese products (KruzndCarslaw,

2018). Higher outdoor particle concentrations have been seen to cause higher indoor
6seedd particl e corganicaardsaoadceritrationgSarwaretalr e asi n

2003.

Other reactions are considered including bastalyzed hydrolysis of plasticizers and
personal care products (Wesclded Carslaw?2018) Reactions wih ammonia are also
considered; mmonia reacts with acidic gases such é&S®, HNOs, and HCI and with

bleach, enabling the formation of secondary aerosol mass as ammonium sulfate

28



(NH4)2SQs, ammonium nitrate  (NEJNOz, ammonium chloride NHCI, and

chloramina (NCk, NHCL) (Farmer et al., 2019).

2.3.3. Outdoor: Indoor Exchange

Historically, outdoor air pollution has been the focus of air quality research because of
public awareness and acknowledgements of associated healthsmpactmportant

to considerthe impact that outdoor (ambient) air quality has on IAQ and several
researchers have evaluated this. The immdatourse depends omvhere the building

is located €.g.,city or countrysideandhow airtight it is In theabsence of indoor
pollution surces, studies show a general trend of higher outdoor than indoor
concentrations (Bo et al., 2017). Generally higher ventilation rates cause indoor air to

become more like local outdoor air.

The main outdoor sources includmissions from vehicles, coahd gadired power
stations, industry, agriculture, domestic heating systems and atmospheric reactions (Bo
et al., 2017).Common sources of prevalent VOCs, benzene and toluene include
petroleum and vehicle exhaust and thegsence in the indoor enviroemt indicates
closeproximity to heavily trafficked roads (Chan et al., 2007). VOCs in the atmosphere
can react with UWays contributing to tropospheric photochemical ozone formation
over wide areas (Park et al., 2014). Wlhsrendoor activities intermgntly influence
indoorPNCs outdoorparticle concentrationsontinuously influence indodgand indoor
baseline) concentrations(Bhanger et al., 2011)Coarse particles are generally
associated with natural sources whfisie, ultrafine and nangcale paiculatesare

generally associated with anthropogenic soufBeset al., 2017).

2.4. Indoor Air Quality Testing, Monitoring and Modelling
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2.4.1. Questionnaires

Qualitative assessments of IAQ and the presence, duration, isgard patterns of
exposuresinvolves addressing occupant satisfaction in buildings through the
distribution of questionnaires/surveygvargocki et al., 2008 Fang et al., 2004;
Nieuwenhuijsen, 2004Lai et al, 2004; Clauserand Wyon, 2008) These are not
considered further within this reviewecause we largely focus on quaattite analysis

in our investi@tionsin this thesis.

2.4.2. Quantifying Pollutant Concentrations

A wide range of techniques have been used to evaluate IAQ across a range -of micro
environments. Most air quality studies, particularly those of a regula@yren
undertaken by governmenénd scientists, use static monitoring stations equipped with
certified reference instrumen(sewis et al, 2016. These analysers are typically large,
heavy and xpensive, costing between £5000 and £60,000 (Mead et al., 2013). These
instruments are subject to strict maintenance and calibration routines to ensure high
quality data and comparability between sites (€last al., 2017). They also require
infrastructuwe such as secure and temperatwetrolled enclosures (Piedrahita et al.,

2014).

In the case of VOCs, their total concentration (TVOC) can be measured or individual
species can be quantified, which is rmalesirable because of the effects of some
individual componentg§Ras et al.,, 2009 European standards ISO 1662@015
(Sampling Strategy for Volatile Organic Compounds) and 1S@0Q&:2011
(Determination of VOCs in Indoor Airya particularly relevant to the analysis of VOCs

in indoor air. Sampler devices can quantify cumulative VOC levels but cannot track

temporal patterns (Castell et al., 2017). To quamidiyidual species bVOCs sample
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concentration followed by separatio by gas chromatography and detection by
sensitive GC detectars required (flame ionisation detection (FID), electron capture
detection (ECD) or mass spectrometry (M@&)EeImig andVierling, 1995 Ras et al.,

2009) Protontransfer reation mass spectrometry (PIS), which works based on
reactions of HO" ions, also allowsindividual VOCs to be monitored with high
sensitivity (Wang et al.,, 2025 Whilst GGFID, GGMS and PTRMS are highly
sensitive and linear in response, these instruments are very expensive and not portable
and thudess suitabléor field analysishut have been used outdoor field campaigns

(Wang et al., 20156

For carbonyl compounds, air is sampled onto-dipgtrophenylhydrazine (DNPH)
treated silica cartridges from stable derivatives in situ. Sampling time varies in previous
studies from 7 hours (at 1200L/min) (Goodman et al., 2018) to 168 hours (Geiss et
al., 2009). High performance liquid chromatographghwiltraviolet detection (HPLE

UV) is the most common analytical technique. Validated methods are based on ISO
standards including 1606® Indoor Air: Part 3 Determination of formaldehyde and
other carbonlycompounds in indoor air and test chamber &ictive sampling method

for the determination of carbonyl compoundmternational Organization for

Standardization, 2020

Liu et al (2019) analyse a full spectrum of VOCs by RT&~MS through continuous
monitoring campaigns. The OFFICAIR and AIRMEX seglmeasured VOCs with a
passive sampler. In the former study, VOCs were analysed by TD coupled with capillary
GC-MS (Mandin et al., 201 This technique was also used in the RIOPA study (Zhong
etal., 2017) and numerous athéRoberts, 2012; Vette et al., 2013; Csobod et al., 2014;
Sakai et al., 2017). In the AIRMEX study &TD was used for amgsis. Similarly,
Derbez et al(2014) measured VOCs by a passive samplerpemdded quantification
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through GC, MS and FID. Goodmn et al (2018) analysed VOCs in university
buildings using an automated thermal desorber (ATD) and a Hewlett Packard
GC/MSFID in accordance with US EPA method TL7 . All of these studieperformed
carbonyl analysis usingPLC-UV detection(Derbez et al., 2024n accordance with

US EPA Method TO11A (Goodman et al., 2018).

Approaches used faneasuring particulate matter (PM) concentration (gravimetric,
microbalance and optical) and size distribution (scanning mobilityicfea sizer,
electrical lowpressure impactor and others) are discussed in the literature bt
gravimetric samplerhave beewidely used in ambient particle monitoring (Amaral et
al.,, 2015). Microbalance methods, including the tapered elemecitlatsn
microbalance (TEOM) analyser are sometimes used in imnletdoor studiedut most
measurements of timesolvedJFP and PMsin indoor environments have been made
with photometers, optical particle counters (OPCs) and condensation partictersou
(CPCs)based on thprinciple of light scattering (Amaral et al., 2015; SingedDelp,
2018). Among size distributio methods, microscopy can provide much information
(Amaral et al., 2016 A recentdevelopments the Electrical Low Pressure Impactor
(ELPI), which classifies particles according to their aerodynamic diarffetearal et

al., 2019. Other complete systems of spectrometers for measuring particle mobility
diameter includ the scanning mobility particle sizer (SMPS) which comprises a
Differential Mobility Analyser (DMA) and a Condensation PelgiCounter (CPC) and

is based on the principle of the mobility of a charged particle in an electri¢Aeiaral

et al., 2015 Aerodynamic particle sizers (APS) measure particle size distributions from
0.5 to 20um by deternming the time of flight of individual particles in an accelerating

flow field (PetersandLeith, 2003).
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These methods hasee en used i n numerous studies
OO0 L e ar .y(201®h) anc lsaxon et al. (2015)sed OPCs in their measement
campaigngo measure Pk and particle size distribution residential environments
Other researchers report thee of a CPC (Fan et al., 2005; Afshari et al., 2005; Kearney
et al., 2011; Bhanger et al., 2011) to measure fine and ultrafinelggmand SMPS to
monitor PNC and particle size distribution (Wallace et al., 2004; Wallace et al., 2019;

HagerandMorawska 2013).

Ventilation metrics include ventilation ratgn3.h'1), ventilation rate per person
(L-s"!-persohl) and outdoor aichange rate (A,'A). These can be determined using (i)
air flow measurements; (ii) pulse or constant injections of tracer gases; (iii) occupant
generated carbon dioxide (@Qor (iv) throudh a comparison of indoor and outdoor
concentrations (Batterman a&it, 2017). Tracegas measurements, based on the mass
balance of a tracer gas in a building, have been used to calculate air change rates and
airflow characteristics in many US and Europdmmes (Yamamoto et al., 2010;
Dimitroulopodou, 2012; Breen et gl 2014;Liu et al., 20Ba). Occupardgenerated

COz has been widely used since g£®inert, emission sources (people) are present in
all buildings and usually well dispersed throughout poatl spaces, and inexpensive
and accurate measurement dagdging instruments are available (Batterman et al.,
2017). The pressused blower method can also determine AER which determines
building envelope leakag8reen et al., 2004 Pressusation measurements have been

used to calculate inputs for some AER niede
2.4.2.1. Sensors

Low-cost sensors which make autononsoumeasurements of multiple pollutant

parameters at a cost of 1a®,000 USD per observing location (Lewis et al., 2016;
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SingerandDelp, 2018) have the potential to take equivalent measuremeastsrence
instruments while capturing additional spatialiahility (Piedrahita et al., 2014%tart

up companies have begun produclag-costair quality monitors housingpw-cost
sensors which aim to provide information in réale at a resolution nqireviously
observed (Kumar et al., 2016; LeveiedEdwards 2016). A number of recent studies
have examined the value of lem@st sensors in indoor air science. These studies are
mostly assessment basedd often evaluat inter-sensor comparability and fine
performancegainsteferencegrade instrumentation. keever, the findings from these
studies have been contradictory. The cost and flexibility of deployment etdetv
sensors are often cited as major advantages, however, it is not yet known hdw usefu
they will be in the future of indoor air pollution mamiing. Further studies could
evaluate the use of these sensors in the field, which is currently missing, and the use of

multi-parameter field calibrations to improve reported measurements.

Some of nost advanced air quality sensors are seen to recreatealgpatierns of
pollutant behaviour captured by reference instrumewes short timescalgsewis et

al., 2016; Smith et al., 201 8ingerandDelp (2018) found four consumARQ monitors
(AirBeam, AirVisual, Foobot, and Purple Air Il) provided quantitegi or nearly
guantitativemeasurements that were time correlated and within a factor ofr2disir
sourcesnvestigated andrere therefore seen to be of sufficient accuracy and reliability

to detectarge sources'wo consumemonitors (Air Quality Egg an@wair) responded

to most sources but reported mass concentrations less than half of the estimated true
values (SingeandDelp, 2018) All the consumer and research monitorghis study
substana | | y under reported or emitedrmsassdtonsisted nt s
of particles smaller than 08 m d i ahowewvee,as many UFP sources also emit

particles above this size fraction, the monitors catildl help reduce UFP exposures
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(Singerard Delp, 2018). The performance of these monitors neette evaluated in

occupied homes and quantified over longer periods.

It is difficult to make trace gas measurements to a usable degree of accuracy and
precision and with stability over time (Lewis ak, 2016).Sensor performance is
affected by effectssuch as drifts of zero and calibration slope as well as cross
sensitivities and interferences to and with other gasesditatants) and environmental

or meteorological parametems.q.,water vapourtemperature) (Williams et al., 2013;
Lewis andEdwards, 2016; Smith et al., 2017; Batterman et al., 200%er time the
ranking of individual sensors changes since sensors each respond to different
environmental conditions with slightly different sensttes to each parameter (Smith

et al., 2017). Lewisteal. (2016) found interference from stable longjeed gases that

were not the target analyte such as@@d H were small, but a high ratio of these co
pollutants to the measurand couduse largeartefact response$oor agreement
between NQ@ electra&chemical sensor measurements to reference u@gests this
sensor isalsoresponding to another pollution metric, in this instance ambient CO
(Lewis et al., 2016). Mead et.4P013)showsthat althogh electrochemical sensors
used to measure NO and N@gree well with reference techniques (provided cross
sensitivities are accounted for) therénierferencdor Os (100%) (Mead et al., 2013).
Interferences can be reduced by using filters arldcating with reference analysers
Castell et al(2017) usd an NQ sensor with filter to reduce or eliminate; €ross

interference and found no cresansitivity with Q.

Responses induced on each sensor by individual interferences do not change
substantiallyover timescales of seconds to a few hours howeventrgyconsiderably

over the >6 hour toiR2-day timescale (Smith et al., 2017). Smith e{2017) highlight
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that the intersensor spread of observed values increased as the sensor signals drifted
apartover the 3week timescale. Timaveraging sensor sigls can address shderm
random noise but not mediuterm drift in sensor sensitivities to measurand or
interferences (Smith et al., 2017). Emerging literature highlights the importance of
regular (olce a day) multparameter calibration for individuagdssors to be comparable

to one another and to reference instrumentation due to thelinean relationship with
crossinterferences (collutants and environmental parameters) and drift over time
(Smith et al., 2017)Calibration must be of the targearapound and all other possible
interferencegLewis andEdwards2016; Smith et al., 2017). Castell et(@017) show
multivariate field calibration is necessary to reduce bias and measurement ércbrs w

is difficult since sensors have sensitivity to surrounding environmental conditions and
do not normally have access teservice reference materials falibration (Smith et

al., 2017). The practicalities of such calibrations conflict with the quinaielow-cost
sensors (Smith et al., 2017he nclusion of multiple different sensors in a clustered
approachcould bring the performance of sensor technédsgcloser to reference
instrumentstherebyimproving the quality of observations (Smith et @017).Using

the median concentration of tbhkisterof sensor signals largely eliminates variability

of individual sensors on the heta-day timescale (Sntitet al., 2017). The remaining
systematic decline in response can be corrected for by linespatation between
infrequent calibrations (Smith et al., 2017). Emerging literature shows corrections for
chemical and environmental factors can be improveagusore complexstatistical
models partial least squares, neunatworks,or Gaussian processnulation (Smith et

al., 2017).

Sensor systems for VOCs have a particular attraction due to the expense and

practicalities of using GC/MS in the field (Smithh al., 2017)and thuslimited
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observational datasetd VOCs (Lewis et a] 2016). Sensors coulteliver something
complementary to existing approaches, a direct measurement with a degraded level of
chemical detail with weltesolved time and spatial resbbn (Lewis et al., 2016).
Lewis et al (2016) discussed the difficulty idlefining what thesesensors are
responding to when measuring TVO@e values theyare reportingarealsonot easy

to compare to reference instruments (Smith et al., 2017).

2.4.3.Modelling

Indoor air pollutant measurement techniques are unable to meadtipenpollutants

at sufficient temporatesolutionand with the required specificity in a wide range of
buildings to provide a representative understandingrotesses occung indoors

(Beko et al., 2020). Computer simulation techniques have been used to estimate indoor
concentrations or exposures and predict
2019b). Computational Fluid Dynamics (CFD) modellieghniques can be ubé¢o
simultaneously predicindoor and outdoor airflows, heat transfer and contaminant

distribuion and transportation in and around buildings (Zhai, 2006).

2.5. Improving Indoor Air Quality

Studies that evaluate the many ways we can improve IAQ througices control,
ventilation and air cleaning are widespread. Howevergefes these consider the

practical implications of these solutions in real world situations.

2.5.1. Standards and Guidelines for Indoor Contaminants

Indoor air has not been regulatéetloutdoor air (LangeandBekd, 2013). Indoor air
standards are not widely reviewed in theerbtture possibly due to the lack of
information about them. A number of countries have described target concentrations for
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various indoor pollutantdHarrison, 200 many of which are adopted or derived from
outdoor air contaminant standards set by the WHO &RAE. The UK Air Quality
Strategy set targets for reducing ambient concentrations e Bii other pollutants

to comply with EU |l egislation (OO0Leary et
issued IAQ guidelines derived from scientific literature for selected VOCs to control
their levels in the indoor environment through informing déseurs on source control

and raising awareness (Public Health England, 20Ai@Yhermoresince people are
exposed to various substances at work, some of which are potentially harmful,
indicative occupational health exposure limit values (IOELVs) hava beeduced
under the Chemical Agents Directive (98/24/KBgalth and Safety Executive, 2018)
through Workplace Exposure Limits (WELS), which are considered to a limited extent
in the literature. Exposure concentrations need to be placed in contetdxgttogical

information and given guidelines accordingly.

2.5.2. Source Reduction and Control

Source control helps eliminate or reduce individual sources of contamination
(Levasseur et al., 2017) and is noted as the most effective strategy for impA®Ring
(Matsonand Sherman, 2004 The history of home heating is a good example, with
sealed modern fireplaces being considered more effeatiredlucing emissions in the
living spacethan older open firdpces(Guyot et al., 2018). Reducing or eliminating
unnecessary pollutants at source and using low pollution products and materials
(Sep@nen, 2008) is generally considered more effective than diluting pollutant
concentrations by ventilation (Dimitroulopou, 2012; Guyot et al., 2018). High
emission rates can produce poor IAQ irrespective of ventilation characteristics

(Nazaroff, 2013). Effective source control can also reduce ventilation energy
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requirements (Seppen, 2008). Optimizing the building envp® (nsulation and
airtightness) is anothemethod of source reductipn si nce it l i mi ts
exposure to physical stresses and external contaminants (Lavasseur et al., 2017,

Nazaroff, 2018).

Product information on material emissions from manufacscan be used to predict

IAQ in the building design stage through modellirigltaf et al., D14). Empirical
models, based on analysis of emissions data from environmental chamber or cell testing,
haveenabled characterisation\8OC emissions from building materials and consumer
products(Liu et al., 2013 according to international standayr&\N180 160069:2006

or EN180 1600€10:2006.Testing of single building products and materials under
standard conditions may help reduce VOC emissions, but may not give realistic results
due to indoor chaistry (UhdeandSalthammer, 2097 Adhesive and floor covering

could be ranked as le@mitting materials under single product chamber testing but in
the redworld interactions betweethese materials coulgive rise to new chemicals
(UhdeandSalthammer, 20Q7Empirical models have been seen to be difficult &desc

from chamber to building conditior(®Xu and Zhang, 2008 Furthermore emission
testing provides little insight into the mechanisms controlling emisgidnset al.,

2013. Mass transfer theory models can predict VOC emissions for various conditions

when physical parameateare knowr(Xu andZhang 2003)

Building materials considered to be better for IAQ inelddrable materials with clean

nontoxic méerials, low VOC emissions, low moisture content and moisture
absorptivity, and low toxic chemical and fibre contgpengleandChen, 200 Han
etal(2010) foundguaded pPpreads eed owgerdssedr oduc

wood products with polyurethane was better for lAl§an traditional materials.

39



Reduced concentrationd VOCs in indoor airelative topermissible limits in a study

by Vasile et al(2016) could be explained by the low emissions from relevdetnal
surfaces finishing or furniture, taking into account that there had been no recent
renovations in the monitored spachkaterids used in older construction were more
forgiving of temperature and humidity variations and they often acted as sgonges
absorbing contaminan{Spenglerand Chen, 200D Those used in newly constructed
buildings have reduced sink area for contaminant absorption and impervious surfaces
are then covered with many noatural finish products glued place(Spenglerand

Chen, 200D Determining the sorption of building materials is important tontifya

IAQ (YangandChen 2001). Equilibrium models ssume sorption and desorption are
confined on the material surface and an equilibrium is achieved between phases at
interface(Yang and Chen, 2001Kinetic models take VOC diffusion mechanisms into
consideration but are largely based on the assumgtamindoor air is welmixed

(YangandChen, 2001Lee et al., 2006

Labelling and certification ofbuilding materials and products concerning their
emissions has pven useful in minimising emissions through incentivisation but there

is no agreed labelling procedure, only suggestions by relevant asswciacluding
Business and Institutional Furniture Mant
materials taconfirm testing by an independent laboratory and meeting of requirements
(AvgelisandPapadpoulos, 2004Levasseur et al., 20LBekdet al (2020) compares
13labelling schemes for construction products worldwidi@wvever, wlist no study at

present has examined the efficiency of labelling schemes to significantly reduce the

0O C C up anosusedto emtgminantsselecting lesemissive materials is still
considered an incentive measure to reduce contaminants at the sourssé€uneaal.,

2017). Several countries have adopted legislation regarding aspects of building
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construction and IA.g., all construction materials and interior decoration products
sold in Francenusthave standardized labels to provide information on \é@ssions

(Levasseur et al., 2017).

Occupant behaviour is important. Source control can be achieved through selecting and
using lowemitting equipmentfor examplefuel switching to electric hobs (Wilkinson

et al., 2009)and appliances in pollutageneréing activities.In cooking it is pssible

to reduce PMsemissions by using methsthat do not brown or char the food and
frying witiks(@dobeatycé&t panethadsréplacing &l with Ot her
liquid margarine and adding salt have a minimal effect orp f8vhission rates
(O6Leary et Otlet occuparzt Ghdic@s ipding avoidingsmoking indoors,
avoiding the use of unvented stoves, fireplaces or space heaters, limiting candle or
incense burning indoors, correctly using and storing potentially toxic household and
pestcontrol products and avoiding the use of aislreners, cleaning products and
fragrances with a pine or citrus scent (Lavasseur et al., 20& TinportantFragrance

free policies restricting the use of fragranced products have been implemented in

buildings worldwide (Steinemann et al., 2017).

2.5.3.Ventilation and Ventilation Standards

Airflow in houses comprises ventilation through purpgsevided openings,
infiltration and exfiltration through adventitious openings, and airflow through
mechanicalg st e ms ( O06 L ebp Adgquatetairflavbr ventilao@ ibv@lving
introducing and circulating fresh air through a building and removing or diluting
contaminated indoor airs neededo provide a healthy and comfortable environment
within a building (Dimitroulopodou, 2012). Ventilation shouldddsufficient to dilute

contaminant concentrations to below harmful thresh{fgsenglerand Chen, 200D
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Ventilation rate, expressed as air changes per (#dCid) or air exchange rate (AER)

is an important determinant for the ingress of outdoor air pollutants and removal of
indoor pollutantgBreen et al., 20)4A common working hypothesis is thaetharger

the supplied ventilation rates, the greater the ing@tiutant removaéfficiency. This

is provided outdooor suppliedair is cleanIncreased ventilation may worsen IAQ if
there are significant outdoor sources of air pollution or outdoorodlitipn burdens.
Increasing the ventilation rate is often thiet line of defence to improve IAQMatson
andSherman2004) and has been shown to reducegheportionof people dissatisfied
with poor IAQ (Wargockiet al., 2000). Designersnayspecify higher ventilatiorates
before and during initial occupancy of newly constructedremently renovated
buildings sincethis periodis often accompanied by the presence of strong emission

sourcegLevin, 1997).

There is no guarantdbat anoccupantwill use installed ventilation so many studies

consider infiltratomo Nl y as a means of wventilation

( C

houe s were so fl eakyo that @aadfindoorgerierated r at i o

pollutants even when windows were clog8dhger et al., 2006ut now infiltration is
considered a poor mechanism becauddtration airflow rates are low(due to

airtightnessjandtheserates cannot be increased due to carsever heating energy

demand (O6éLeary et al ., 2018aninthavkiichere 4 7 %

the majority solely rely on infiltration for dilution during the heating season (in the UK,

this isusuallyfrom OctoberMarch) when windows anesuallyc | osed ( ObéLeary

2019b). In these circumstances, occupants are likely sexbo to
pollutantconcentrations that exceed WHO daily indoor and outdoor guid€liviesd

Health Organisation, 2020Canha et al. (2017) report that infiltrationly ventilation
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(closed doors and windows) has resulted in mean VOC levels above thealumitof

0.6 mgm? established by the legislation.

Natural ventilation (NV)occurs through air infiltration in unintentional leaks in the
building envelope, throughmientional openings (such as open windows, ventilation
ducts) and via coupled spaces sashcrawlspacediasementsand attics (Liu et al.,
20184). NV, driven by wind and thermalgenerated pressures haghe past has met
ventilation needs (Dimitroopoulou, 2012). Apart from in the north, the European
ventilation system is mainly attriked to uncontrolled air infiltration and natural
ventilation (window opening) (Dimitrdapoulou, 2012).NV or window opening
increasingly promoted as an environmentalhd economically sustainable practice to
meet home cooling requirements, particularly in a warming climgagmificantly
increases the ventilation rate in dwellings aash prevent underentilation even in
airtight buildings (Lowe, 2000Fortenberry eal., 2019. However mturally ventilated
buildings are generally seen to be older and constructed from traditional materials which
can result in lower pollution loads (Wargocki et al., 2088) this is importanto
consider in terms of its efficienciduman occupancpresents challenges to assessing

NV impacts on IAQ (Fortenberry et al., 2019).

Residents play an important role in controlling ventilation rates in their own homes
(Dimitroulopouou, 2012).Efforts from the occupants to manually open windcmsl
control the natural ventilation and their tendencydtosoonly when perceiving a
problem with IAQ or comforaffect the efficiency of natural ventilation (Sundell et al
2011; Liu et al., 2083). Natural ventilation consumes little energy and paea the
outside air is clean, can provide a larger amount of fresh air than mechanical ventilation

(Spengler and Chen, 200D NV is, however, difficult to control due to reliance on
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unreliable driving forces, which can result in periods of insufficient ventiladiuh
periods of ovewentilation and excessive emy waste (heat loss) (Liddanteth996;
Lowe, 2000) Nasir and Colbeck (2013) reothat ventilation rates werenore stable
when the windows were closed than open. Furthermdnédstwvindow opening can
reduce concentrations of some indooiginating polutants, it can allow ingress of
harmful polutants from the outdoor environment, including ozone and particulate
matter, andncrease emission rates of serand intermediately volatile species and
oxidation products (Canha et al., 2017; Liu et al.,820Kruza and Carslaw, 2018;

Fortenberry et al2019).

Changes in building design aimed at improving energy efficiency and conversation
since the 1970s have led to modern homes and offices becoming more airtight which
has reduced exchanges between outdoor and indgqdhaingandSmith, 2003. It has

been suggested that many modern homes and offices built to tight envelope
specifications are undeentilated and may not provide sufficient outdoor (vetibh)

air to dilute indoorgenerated contaminan{®udarri, 2010. Whi |l st I n Br
temperate climate, houses used to be so leakyti@e-housemechanical ventilation

was not economic, as new builds are more airtigfi@sesystems are being installed
(Dimitroulopodou, 2012). Mechanical ventilation and eth measures such as
extractors can compensate for reductiond\M rate caused by improvemks in
airtightness (Levasseur et al., 2017). Improving building airtightness without providing
additional ventilation leads to lower ventilation rates and poor€ IAl O6 Leary et

201%).

Mechanical ventilation, airflow in and out of a building caulsgd fan through intake

and/or exhaust vents (Sémgn, 2008), adds to the energy demands of a building but
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canprovide controlled rates of air change in responséovarying occupant needs and
pollutant loads (Liddament, 1996). In colder climatelsere houses need to be airtight

to conserve heatvhole house mechanical ventilation systems have been installed since
NV is not adequate (DimitroulouppBd012).This is also the case in warmer regions
where buildings are airtight to reduce energy consumptibgher ventilation rates
have been measured in mechanically ventilated dwellings compared to the naturally
ventilated dwellings inmany countries €.g., Netherland, Portugal, Sweden)
(Dimitrouloupou, 2012). Mechanical ventilation systems are becomisigllied in

more residential buildings, in particular mechanical ventilation with heat recovery
(MVHR) and mechanical extract ventilation (MEVpullivan et al. 2019. In the
Netherlandsthesesystems have been fitted to nearly all new homesihutie past 10
years(Sullivan et al., 201 In Western Europahe payback time for investments in

heat recovery ventilation is significafitaverge et al 2011).

Available literature discusses the history of ventilation standardseandrements
around the worldwhich receive major attention in building regulatioriBuilding
ventilation recommendations were transformed into more rigorous standards in the
20" century (Sundell, et al 2011). In Europe, he European Committee for
Standirdization (CEN) is responsible for most standards relating to ventilation
including EN13779: Ventilation for NeResidential Buildings and EN13799: Specific
Design Guideling and Requirements to Ventilation Systems (Olesen, 2Rtdimum
ventilation requements, including passive ventilation plus exhaust provisions for
known contaminant sources, are the principle way in which building codes address IAQ
concerngMudarri, 2010. Hypothetically, the ventilation rate for an indoorspa the
absence of any pollutant sources would equal the outdoor air supphecatesary for

human metabolism, which ranges from 0.1 to 0.9 I/s per person (Wargocki et al., 2002).
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It is difficult to set ventilation rates that would meet requirememtsédalth in all indoor
environments (Wargocki et al., 200)he rate in both natally and mechanically
ventilated buildings can be affected by twrarying factors including internal heating

and cooling loads, outdo@emperatureand indoofoutdoor temprature differences
(Godwin and Batterman, 2007). In most European countries tirenmal ventilation

rate for new buildings with mechanical ventilation is 0.5 air changes per hour (ACH).
Sufficiently high ventilation rates are needed so as to not comprdE(3 and cause
health, comfort, absenteeism and productivity problems (GoamdBatterman, 2007).
Ventilation measurements across Europe show that ventilation is in practice often poor,
falling in below recommended minimum levels resulting in reducedila&on rates
(lower than 0.5ACH), increased concentrations of indoor pollusaahd exposure to
health risks (Godwiand Battermarn2007; Dimitroulopolou, 2012). LangeandBeko
(2013) similarly found that 80% of the houdkegy studied did nottonfom to the
building code that requires 0.5 ACH. Similarly, a BRE study investig#tmgdequacy

of ventilation in homes built since 1995 (when Building Regulations were revised)
found that 68% of homes in the winter and 30% of homes in the summer had whole

houseventilation ratebelow 0.5ACH (Dimitroulopouou, 2012).

Temporalair exdhange rates (AERsyary in commercial buildingsas aresult of
occupancy level and behavio{Breen et al., 2014AER variations across residential
buildings may be explained by differences in occupant behaviour and building
characteristics, but aldny seasonality and meteorologicanditions;wind speed and
outdoor temperatur@Breen et al., 20140ccupants are ambivalent when it comes to
saving eneryg (reducing heat losses during winter and preserving coolness in summer
(Sundell et al 2011, O 06 L e a rDimitreutoupoas 1(201,2) faun@d1tieab ) .

naturally ventilated British dwellings were better ventilated in summer (70% > 0.5
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ACH) than in winter(68% <0.5ACH), as expectedshowing that occupant behaviour
(window opening) affects whole building ventilatidnu et al. (20B) similarly found

that the number of window and door openings was the most importandriiest
predictor of reidential AER. In terms of meteorology, irsummey temperature
differences and open windows increa8&R. In winter, large indooroutdoor
temperature differences and high wind speeds can be equally effective in increasing
AER (Breen et al., 2014). BRsarelower in otler seasons as windows are closed, and
the driving forces (primarily the temperature difference) are small (Breen et al., 2014;

Chin et al., 2014).

Since ventilation practices vary between seasons, there is a consequential effect on
indoor polutant concetrations. During the AIRMEX study, there was a general
increase in VOC concentratiosr{dependent on specific VOC, emission rate and
building type) in the cold (winter) season owing to lower ventilation and air exchange
rates(Geiss etl., 2011) For terpenes, the lowest indoor concentratiasemeasured
during warmer seasons owing to higher ventilation rates and reactions with ozone from
outdoor air, which is more abundant in warmer peri@tsss et al., 201). Missia et

al. (2010) similarly observed an increase in pollutant concentrations in winter
response tmdoor pollutanigenerating activities and building materials and furnishings
as a consequence of the increased air tightness of builditegedin et al (2017)
similarly indicated higher concentrations of some pollutants in sumengr,
formaldehyde and ozone and others in winter, &gnzeneJpinene, and nitrogen
dioxide owing to differential abundance of some pollutants due to seasonality and

increasing building airtightness over winter.

2.53.1. Exhaust Ventilation and Range Hoods
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In addition to considering wholeouse or building ventiladn, localised ventilation
systems are important to limit pollutant transport through local exhausting of air.
Workplaces can benefit from local exhaust, for example, in spaces with copies and
printers, preventing pollutant transport and disperé8pengleandChen, 200D The

use of local exhaust fans in bathrooms and range hoods above cookingcapplian
represent practical illustrations of efficient ventilation (Nazaroff, 2013; Lunden et al.,
2015) which carremove contaminants at the source and limit their dispersal (Rim et al.,

2012; Levasseur et al., 2017).

Sometimes source control is not feasidReducing or eliminating the processes
involved in cooking in order to improve IAQ is unrealistic since cooking is necessary
for the safety and enhancement of quality of a substantial number of food products
(Hagerand Morawicki, 2013).Houses are ofterod airtight to dilute pollutants from
cooking by infiltr at Stuaies byVasdelee a (2016) end a |
OO0 L e ar.{2018a) hawe Ihighlighted high concentrations of CO and &@ high
source strengths of UFP and PMlue to cooking whout adequate ventilation, with

the potential tmegatively affect occupant health. Devices designed to remove ceoking
related contaminants includange orexhaust hoods/fans (which may be mounted
above the cooktop, in a kitchen wall or ceiling) andtvgnovens (Singeand Delp,
2012). Kitchen exhaust fans reduceoking related contaminant concentrations by
removing emissions directly at the stove before they mix into the surrounding air and
by increasing overall air exchange in the home to removetpots from théndoor

environment (Dobbin et al., 2018)

The efficiency of exhaust fans to capture cookielgted pollutants can vary widely

given consideration ta number of factorsequipment type and design, configuration,
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size and location, exhauiow rate, house geometry and user behaviour (Dobbin et al.,
2018). Singer and Delp (2012) demonstrate the importance of considering multiple
performance metrics to evaluate cooking emtdnood performance including airflow,
loudness, power consumptiand effectiveness at removing contaminants before they
mi x throughout the home, t hand Délp, 2@L2)u r e
Capture efficiency is seen to be a better metric #vdlow alone to evaluate range hood
performancgKim et al.,2018)which is a function of fan design, installed configuration,
burner position and fan speed setting (Rim et al., 2012). For a given device, higher
airflow generally leads to high&E (Kim et al., 2018), though the effect varies with
particle size. At theane exhaust flow rate, particle reduction is less effective for

smaller particles, likely due to molecular and turbulent diffusion (Rim et al., 2012).

Experimental and simulation studiglsow range hoods mounted over the cooktop are
essential to use dugncooking to maintain good IAQ by extracting pollutants at their
source before they mix into the general air of the kitchen and home (Rim et al., 2012;
LogueandSinger 2014; Lunden et 312015; Dobbin et al., 2018\ device that does

not cover the iruse burners suffers a large penaltyGR, increasing the quantity of
pollutants releaseimhto the roomor residencealuring cooking and increasirrgtes of
secondary pollutant formation,dding tohigher concentrations throughout the post
cooking period (Enger et al ., 2011; Ki m éeNhenal . |,
mealswereprepared whilst using an extracting cooker hood located immediately over
the burnemparticlereductionshave eached>90% in each instance (Singer et al., 2011,
OO0 L e ar y0l19ax HageandMorafvska (2013) observed greater removal of UFP
from the back burner than the front burner. Lunden .e2all5) confirms this, with
capture efficiencies of 7@9% and #39% for back burners and front burners

respectively.
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The higher ratef air exchange introduced by a fan leads to reductions in concentration.
Lower exhaust flow rates can lead to elevated indoor pollution levels (Rim et al., 2012).
When using an intermitte ventilation strategy, continuing to ventilate usamgxhaust

fan for a period of time after cooking has a significant effect on pollutant concentrations
(Dobbin et al., 2018006 L e a r. (201@b} shoavéd thabatinuing to ventilate with a
cooker had for 10 minutes after cooking has a significant eff@bbosing & continwe
ventilationfor 10 minutes after cooking & balance between maxismg the rate of
concentration reductionandpsyebao ci al f actors, such as me.]
et al,2019b). However, continuing to ventilate has been seen to haaiaaigllittle

effect on integrated exposures compared to the effects of fan flow rate and the specific
fan used (Dobbin et al., 2018). For PMthe effect of running an exhaust fan idr
minutes after cooking was similar in magnitude to the impactl®Oacfm increase in

the flow rate used while cooking (Dobbin et al., 2018).

Ventilation requirements for kitchens var
Several building codes rame that a range hood be installed in new homes to control
cookingrelated pollutantsand specify required airflow rates (Kim et al., 2018n

Europe, legislation addresses fan energy with minimum requirements and a labelling
system for exhaust hood energy efficiency (Jacobs et al., 201 UK, under the

English Building Regulations and statutory Approved Document F, kitchens in new
dwdlings need an intermittent extract rate of IB)or 30l/s through a cooker hood,
however there is no requirement to modi fy
et al., 2019h Rates were chosen to remove moisture with the expectation they will

dilute NG and CO emitted by gas cookilgweverPM: s and other pollutants were

not considered ( O06L e ar(3019b)findeaehtilationarétegigsb ) . O
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prescribed by¥nglish Building Regulations and ASHRAE 62.2 are adequate for <12%

and 7386 of houses respectively when applied during cooking.

Regular and appropriate intermittent use of a kitchen exhaust fan during cooking can
reducepollutant exposurehowever, decisizts about thie design and use requires
consideration of IAQ and energy ¢t®gRim et al., 2012)Using extract ventilation

during cooking is especially important in airtight dwellings and during the heating
season when occupants reduce ventilation fateghermal comfortandto minimise

fuel heati ng c os 8)sincreaBinglrangerhgod @seé willairhpact the2 0 1 9
residential energy demand though LoguneSinger (2014) showed this increase would

be negligible on the total site energ@versized ekaust fans and overse can
significantly increase energy consumption (Reimal., 2012)Further work needs to

estimate how mechanical ventilatiorllva f f ect ener gy demand ( OO0 |

2.5.4. Air Cleaning

Where outdoor air is contaminated tloe measures outlined above are insufficient, air
cleaning using filtrabn techniques (including electrostatic precipitation, adsorption
and excitation/acceleration) have proven effective in removing contaminants
originating in indoor and outdoor envimments(Levin, 1991 Shaw et al., 2005;
Levasseur et al., 2017Air cleaning and filtering devices have been increasingly used
in HYAC components (Singer et al., 2016; Fazil et al. @0dhilst portable air cleaners
thatclean contaminated air in roonaseespecially important forulnerable individuals
(EPA, 201D; Lavesseur et al., 20173ir cleaning technology is important, especially

when building ventilation rates are lowerectctmserve energfZhang et al., 2011

Mechanical air filters remove particles by capturing them on filter material whereas

electronic air cleaners such as electrostatic precipitators (ESP) useostitic
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attraction to trap charged particl@#d/allace et al., 2004EPA, 201D). Whereas a
central fan is seen to reduce particle concentrations 1y02b, use of an kiuct ESP
canreduce particle concentrations by 85% compared to offan conditiongHoward

Reed et al.2003. The efficiency of a particle removal air filter is measured by the
minimum efficiency reporting value (MERV) developed by ASHRE&PA, 201D).

Fazil et al (2019) evaluated particle air filters used in central residential faaced
systems for their removal efficiencje®vealing filters wih the same tangs from
different manufacturers had different efficiencies forBMnd UFPs. HEPA (High
efficiency particulate air filters) have been installed in many office, laboratory and

hospital buildings and clean roorf&haw et al., 2005

Gas phase air filters remove gases and odours by using a &Ban201b). Some
of these cleaners have the potential to generate submicron particles indoors owing to
reactions between ozone and VORscently phytoremediation has been proposed as

an efficient and costffective way to remwe toxins from air (Lui et al., 2007).

2.5.5. Conflicts with Energy Efficiency

Buildings consume a significant fraction of final energy consumption worldwide and
are responsible for much of the anthropogenic carbon dioxide emitted that westrib

to climae change (Thomsen et al., 2016). Understanding building energy performance
is important in design and retrofit (Marshall et al., 2017). It is well established that
ventilation represents a significant proportion i@0%) of total energy useth
mechanicdy ventilated buildings, and space heating dominates energy use in the home
(> 60%) (Cao et al., 2016; Marshall et al., 2017). The need to reduce energy use, driven
by rising energy costs and the desire to eliminate dependence on foséibiieéscome

a global and national priority (Frey et al., 2014nergy efficiency measures in
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buildings focus on reducing heating and cooling loads through improving the thermal
integrity of the envelope, increasing efficiency of heating and cooling eqotpene

reducng system energy use (Persdnd Emmerich, 2012)Public policies address
decarbonisation through improving airtightness and promoting energy efficient
buildings (PersilyandE mme r i ¢ h, 2012) i ncluding the Al
Direcive 0 ( EPBD) which requires -arergybyn2020 bui |
(Thomsen et al., 2016; Hamilton et al., 2013; Derbez et al., 2017). The inadequate
thermal performance and energy efficiency of existing buildings poses a huge challenge
(Vasile etal., 2016) and to meet energy efficiency targets the enemfyrpance of

nearly all dwellings needs be improved by 2030 (Hamilton et al., 2015).

Many organisations are struggling to deal with reducing energy use (lowering
ventilation) and maintainingcaeptable indoor air quality (IAQ) (increasing ventilation)
(Spenglerand Chen, 2000 Sepg@nen, 2008) Increased airtightness of building
envelopes to reduce amfiltration or natural and mechanical ventilation rates saves
energy but worsens IAQince it will increase indoor contaminant concentrations for
contaminants with indoor sources (Sapgn, 20@; Persilyand Emmerich, 202;
Langer et al., 2015; Hamilton et., 2017; Awbi, 2017). It is not desirable to increase
infiltration to improve IAQ since it is associated witincreased energy demand
(O6Leary eDmitaulopodou,2012)9lrcredng ventilation rates to 2Bs

per person has been seen toéase energy costs (if heat recovery systems are not used)
and building running costs (Wargocki et al., 20(&yategies that improve IAQ with

no significant energy impacts or that also im@rosnergy efficiency have been
considered in the literature, den by priorities to reduce building energy consumption,
including reducing contaminants at the source, improving ventilation and purifying the

indoor environmenfLavasseur et g12017).
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2.55.1. Smart and Lower Ventilation

Ventilation makes up karge proportion of the energy consumption in buildings (Guyot
et al., 208) and is an attractive target for energy saving. More efficient ventilation
systems are the focus of strategies to improv® nd energy efficiency. Natural
ventilation (NV) has th potential to save fan electrical energy and NV rates can be
much higher than mechanical ventilation (M{&chulzeand Eicker, 2013 however

there may be ptdemswith ventilation heat losslo reduce energy penalties in MV it

is necessary to improve pollutant removal performance without increasing air flows and
ventilation rate (Singeand Delp, 2012).To better address energy and IAQ issues,
ventilationneeds to bemarter.A key smart ventilation concept is ppomote higher
ventilation rates at times whenpitovides an energgndbr IAQ advantage anawer
ventilation rates when it provides an enesgpd/or IAQdisadvantagéGuyot et al.,
2018) It is favourable to include smart ventilation strategies in standards. European
buildings with low energy consumpti@anhave lower rates of building related health
symptoms indicating the importance of propesign, installation and qualified, well
trained operational personnel who understand the requirements for good IAQ and

energy efficiency (Se@men, 2008).

Reducing ventilation rates haggative impact®n IAQ, as such ventilation can be
bettercontrolled by sensible temperatubasedair-side economizers, enthalpased
air-side economizers and demand controlled ventilation (DCV), which are
demonstrated in many building€hao and Hu, 2004. DCV, a smart ventilation
strategy, has been considered in the literature as a cost effective, energy efficient
measurehat alsqgoromoesgood IAQ (Guyot eal., 20B). These systems adjust outside

ventilation air based on the number of occupants and their ventilation demands (Guyot
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et al., 208). Traditional DCV systems use G®ensors to measure occupancy as it is
seen as a good surrogate for occupalatied contaminant concentrations, however
these systems only guarantee that fresh air intadeffisientto dilute these pollutants
(ChaoandHu, 2004. ChacandHu (2004 overcame the issu reducing noroccupant
related contaminants by developing a emalde DCV system targeting buildings where
the number of occupants varies frequently..@radonare used for sensor control
to indicate thelemandor fresh air to dute noroccupant elated indoor contaminants
(ChaoandHu, 2004). Acceptable IA@anbe achieved using this dualode system
and when compared to fixedte ventilation 8.828.3% of the daily electrical energy

was savedChaoandHu, 2004.

Hesarakiand Holmberg (201% highlight the consequences on IAQ and energy when
using DCV in new housing. Results indicated that when redwenglation ratesor

the entie period of urccipancy, VOC concentrations were unacceptable, so it was
suggested thahey wereincreased to normal requirements 2 hours before occupancy
(Hesaraki and Holmberg, 2015However, it should be noted that VOC concentrations
were expectedot be higher in thisnew building (Hesarakand Holmberg 2015).
Laverge et al(2011) found DCV strategies that combined manipulation of supply, vent

and exhaust fan had an energy saving potential of 60% (Laverge et al., 2011).

2.5.5.2. EnerggRelated Buding and Retrofits

An increase in building energy performance in the EU is important to alleviate energy
import and comply with the Kyoto Protocol and European Directive (2002/91/EC) on
the EPBD (2018/344/EUPoel et al., 2007EkinsandLees, 2008LangerandBekd,

2013) The most significant impact of the EPBD is the requirement for buildings to have

an energy performance certificate, indicatitgyenergy performance, when sold or
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rented, and for existing buildings over a certain si@aeupgrade their reergy
performancevhenrenovated Ekins andLees, 2008to influence the market towards
energy efficient buildings (Marshall et al., 2017). l-emergy and passive houses have
become more comman recent yearsvhich utilize numeoustechnologies inciding
efficient insulation, advared window technology, airtightness, and heat recovery

techniques to significantly reduce energy consumption (LaamypBekd, 2013).

Many countries have committed to constructing energy efficient buildings (Prasauskas
et d., 2016). Similarly, in an effarto reduce energy consumption under the EPBD,
many EU member states have introduced building retrofit programmes for existing
buildingswhichinvolve improving airtightness of the building envelope (Prasauskas et
al., 2019. If properly implemented alongke ventilation, energy retrofits in housing

can improve thermal comfort and occupsatisfactionDu et al., 2015)andimprove
mental health and reduce cardiorespiratory disease by reducing pollutant exposure
(Hamilton & al., 2015). Howeveenergy effciency retrofits that increase theilding
airtightness may increase exposure to indgarerated pollutantsegatively impacdhg

on those with respiratory conditions (Hamilton et al., 20Bspkerick et al (2017)
suggest that while an energy retrofiad benefits foroccupant comfort and building
temperature; concentrations of some pollutants increased following the retrofit as a

result of lower buildindAER caused by improved building airtightness.

2.6. Summary

Therehas been a significant increaseep the past decade in both the number of
publications in indoor air science and the depth and breadth of resedith area,
largely promoted by increasing awareness of the detrimental health effects attributed to

poor IAQ. In this chapter, we have fully described and summarised this published
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literature, highlighting the current knowledge and understanding and identifying new
and upcoming research opportunitieBhere are significant contributions in the
literature onmany mainthemes including understanding the sources of pollutants, the
ways in which they are measured and ways in which IAQ may be imprdeacver,

there are pportunities for further research into source charesetigon within and
between particular mro-environments and into the dichotomy between IAQ and
energy efficiency and ways these two objectives can be met harmoniotliegse

opportunitieform the bais oftheresearcldescribedn this thesis.

Firstly, there is a specific need for furthesearch into the dichotomy between energy
efficiency and IAQ and how thesesometimes conflicting objectives can be
harmoniously achieved. Strategies have besoudsed that focus on supporting both

of these objectives or that support improvements in WifQout compromising energy
efficiency but there is room for more research in this area. This is of great importance
owing to the large energy burden that is pthon ventilation and space heating. This

is particularly important as national targets anticpes seek to reduce energy use and
dependence on fossil fuelBhis also becomes crucial as the importance of ventilation

is heightened in light of the currecdronavirus pandemic.

For the quantification of indoor pollutant concentrations, scientificlies have
deployed expensive regulation grade monitoring instruments that provide high quality
measurements, however, there ipaaicity of high-resolutionmonitoring data fora

range of indoor environment#f would be beneficial to better understandvhthe
spatial distribution of pollution varies around a property or building or across properties
or buildings with varying characteristics. Lesost sensor teclmogy has been

examined in recent papers and compared to refeigmacke instrumentation. The
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possibilities ofdeploying suchechnology have also been examined. It has been seen to
be useful for increasing public awareness of air quality problems andle ghit with
multiple sensors can provide holistic measurements of multiple pollutanghadatial
and temporal resolution. However, there are still questions regarding the reliability and

accuracy of this sensor technology.

In terms of volatile orgaic compounds (VOCS), which are of particular interest because
of their volatile and carcinog&c nature and widespread prevalence in indoor
environmerd, whilst there has been extensive speciation undertaken in a variety of
micro-environments, therénas leen less research ae influence of building
characteristics anthe activities that take plce in these buildings on the presence of
specific VOCs and related exposure for building occupants within educational settings
in the UK. Many studies on VOC essions have been conducted in chambers and are
not transferrable to reavorld situations. Tegg emissions from individual products is

not reliable for predicting emissions. More work could also focus on assessing the

relationship between building stamda and the concentration and prevalence of VOCs.

These gaps form the basis and focus of rebgaesented in the following chapters.
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3.0. Methodology and Instrumentation

This PhD was undertaken in conjunction with NAQTS who sponsored the research.
NAQTS is an SME who offer stata-the-art air quality monitoring technology and
testing serges. The V2000 and its predecessor (V1000) house an array of sensor
technologies and regulatigrade equipment for mupollutant monitoring and played

a largerole in the data collection throughout this thesis. These units were most
importantly used tonvestigate the pollutant response to typical household activities
including cooking in domestiChapterd) and specialist test facility settingShapter

5). This short chapteprovides technical specifications for the V1000/V2000 units and
refers todetils of casestudies (presented e Technical Evaluation in Chaptey 9
undertaken prior to data colleatiofor each thesis chapter. It was important to
understand the accuracy of the data reported by the V1000/V2000 and their ease of use

prior to theirdeployment in realvorld environments.

3.1.VV1000/VV2000 Technical Specification

The NAQTSV1000/2000 units measure Particle Numbers (ESed), Particle Mass
(only in the V2000, laser light scattering based),-@9DIR-Based) and CO, N
Ozone, Ammonigonly in the V1000) and VOCs using metal oxide (MOX) sensors
with additional measurements @O and NQ using electrochemical (ELECT) sensors.
Utilising dual technologies for key gas measurements enables improved cross
sensitivity correction algorithms toe employedThe NAQTS V1000/2000 units are

also fitted with Temperature, Pressure and RRedddumidity sensors coupled with 3D
accelerometer and 3D gyro for mobile applications. External GPS and Noise (dBA)
measurements are facilitated through the ablElBISB ports. There are also an optional

4 thermal desorption tubes for full VOC speciati@Gvhich would involve external
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analysis by GCMS or similar technologiesexternal and internal views of the NAQTS
V1000/2000 units are presented in FigBrk anda full technical summary is provided

in Tables 3.1 and 3.2 below.

Figure 3.1 NAQTS Air Quality Monitoring Units (V1000/V2000) in cased) and uncased

formats with b) showing front view andcf showing rear view

Table 3.1 Technicalspecificaton of the V1000/V2000 units outlining capabilities and

accuracies
Technology Mixing CPC with Technology NDIR
embedded diluter
Particle 0i 1,000,00Qparticlegcm® Range 0 to 5@M0 ppm
Concentration
Range
Concentration + 10% compared to Accuracy + 30 ppm or 3% reading
Accuracy reference CPC whichever is larger
Operating 0 to 30°C Operating Temperature 0 to 50°C
Temperature
Operating Humidity 0 to 95% Operating Humidity 0 to 95%
Response Tme <3 secs (T10T90) Response Time 20 secs diffusion time
Working Fluid IPA or Butanol Supplier SenseAir (K30)
Table 3.2: Technicalspecificationcontinued
Temperature 110 to 50°C
Pressure 800 to 110thPa, +0.25%
Humidity + 3% RH
Time Response 1 secs
Technology Bosch BME280
Power <100W, 12V DC
Noise ~55dBA
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Data Storage SD Card, Local MySQL with optional Cloud Storage

Data Acquisition Rate 1Hz

Communications RS232, USB, Ethernet. Wdimsed GUI

Tenax TA Vapor phase organics from C6/7 to C26

Graphitized Carbon Vapor phase organics from C5/6 to C14

Tenax GR/Carbopack B Vapor phase organics from@b/6 to RC20 (EPA Methods

TO-14A/TO-15/TO-17)

Tenax TA/Graphitized Carbon/Carboxen Vapor phase organics from C2/3 to C20

1000

Carbopack C/Carbopack B/Carbosieve Slll  Vapor phase organics from@2/3 to RC16/20 (EPA
Methods TG14A/TO-15/TO-17)

Supplier Restek / Markes

We largely bcused on particle number concentration (PMEasurementsrovided by

these units, which inforeda large part of the results presented in Chagtarsd5 of

this thesis. These measurements were provided by a condensation particle counter
(CPC). A CPC caints aerosol particles by first enlarging them by using the particles as
nucleation centres to create droplets in a supersaturated gas. A CPC is adjunct to an
optical particle counter (OPC) that extends the range of the OPC to detect mueh small
particles The CPC housed inside the V1000/V2000 units has been calibrated by
Ricardo AEA (vww.ricardo.com to provide regulatory grade measurements of
partides, in line with other commercial CPC products on the market (ISO 27891). Other
V1000/V2000 uits used inthis thesis were calibrated against the Ricardo AEA
certified Agoldod unit(s) to provide robus
We state that the CPC provides measurements of ultrafine particles (OFRIM).

We may also get meamments of prticles with slightly larger diameter, but not in
excess of 2.5m due to the construction and operation of the system. However, owing

to the standard size distributions @dmbustion generategerosol particles, number

concentrations are exgted to be dminated by the subOOnm range.

We also use carbon dioxide measurements(@@vided by a NDIR sensor housed

inside the units. This was used in some cases to determine air exchange rates (AER)
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and understand occupancy levels. NDIR stands fad-Nispag si ve | nfr aRedd
gas concentration measurement method that uses the unique adsorption wavelength

range of each gas (G@bsorbs IR wavelength region 4..26).

3.2.Case Studies

The V1000/2000 units were deployed in various indoor enwients inclding 2
offices in Lancaster Environment Centre (LEC ,IBjudent accommodation, and a
selection of residential properties (that were later used and monitored for the work

undertaken in this thesis).

Table 3.3: Case studies that assess analuate the usand practicalities of the V1000/vV2000

units and their measurement capabilities (in order of undertaking).

May 2017 Student Occupancy an@ooking Sequential CO,, PNC
Accommodation

July 2017 NAQTS Office Occupancy N/A CO,, PNC NQ,
VOCs, CO

November LEC Office Cleaning and Consume Sequential + VOCs

2017 Products Layered

February Residence 5 Household Activities Sequential CO,,PNC

2018

May 2018 Residence 1 Household  Activitis Layered CO;,PNC

and Occupancy

May 2018 Residence 2 Household Activities Sequential CO;,PNC

December Residence 2 Cooking and Log Sequential CO,, PNC

2018 Burner

December Residence 4 Household Activities Layered CO,, PNC

2018

This chapter provided technical specifications for the V1000/V2000 uniiBhe

aforementioned case studtbst were undertaken prior to data collectawa described
in detail in theTechnicalEvaluation (Chapter 9Each of thgproceedinghesischapters
(Chapters4-6) involves theexplicit useof or reference to thesmonitoring units to
capture high resolution air quigli informaion in residentih and commercial
environmentsin largeinforming us aboupollution from ypical activities We also see

the practical use of this novel equipmenthe real world.
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4.0. Characterising Pollutant Response to Discrete Cooking Events

and Exploring the Effects of Ventilation in Residential Eavironments

Farr, C1Booker, D.2Whyatt, J.D! and Sweetma, Al

1 Lancaster Environment Centre, Lancaster University, Lancaster AIK4YQ

2 National Air Quality Testing Service, Lancaster Environment Centre, Landa&fiedYQ

Manuscript has been prepared for potential submission. This study was conceidesigndd by PhD
Student Charlotte Farr with extensive collaboration from my sup@nviteam at Lancaster University;
Prof Duncan Whyatt, Dr Andrew Sweetman and Douglas Booker. The manuscript was written by

Charlotte Farr, with editing and corrections magiehe supervisory team.

Abstract

In the developed world, we spend most of ouetindoors where we are subjected to a
variety of particles mainly generated by occupants, through combustion and thermal
related activities. This pilot study deploys mukiphighresolution air quality
monitoringunits across a number of UK residencesharacterise temporal and spatial
particle responses to typical episodic cooking activities, and to assess the controls on

particle concentrations including natural and naectal ventilation and housing layout.

We evaluated particle number concentrati@mds for different source and ventilation
scenarios across eight houses and used 5 key metrics to assess critical differences
between themResults indicate that residentsn be exposed to particle number
concentrations up to 100 times higher than bamkgd concentrations during cooking
activities, but these can effectively be reduced through natural or mechanical ventilation
within a few minutes of peak concentrationsngereached, with natural ventilation

most effective in this respect. Results alsalicate that high particle number

63



concentrations can persist for extended periods elsewhere in the house, depending on

the layout of the house, which has implications fqrasure reduction.

Key words: pdiculates, ultrafine particles, cooking, residahtindoor air quality,

ventilation

4.1. Introduction

In the western world we spend approximately 65% of our lives in our homes, where we
are subjected to various airbornarticles (Klepeis et al., 2001). Indoor air quality
(IAQ) is influenced by ambientoncentrations, including particles associated with
vehicular traffic and industrial activities which ingress into the built environment by
infiltration and/or ventilation ysstems(Cincinelli and Martinelli, 2017)Particles also
originate inside buildingBom building materials and furnishings, activities undertaken
within buildings and the presence and behaviour of occupants (Han et al., 2010; Kumar
et al., 2016; CincindllandMartinelli, 2017) Existing research has focused on ambient
particle sourcedyut there has been a growing interest in risks posed by indoor particle
sources as people typically spend most of their time indoors. The majority of airborne
particles inresidences, when expressed as particle number concentrations (PNC) are
generated byhe residents themselves through combustion/thermal related activities
including cooking, woodurning, candle burning and smoking (Isaxon et al., 2015;
Fantke et al., 20)7 Numerous studies have evaluated particle response to these

activities (Husseintaal., 2006; Wallace, 2006; Wierzbigk2008)

Cooking is seen as the most important indoor episodic activity to affect particle
concentrations and is one of the most sigaift sources of particle emissions in homes
(Dennekamp et al., 200Wheeler et al., 2011; Rim et al., 2012; Klein et al., 2019).

Particle concentrations caeach potentially hazardous levels in the kitchen space and
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throughout théuilding andcontribue significantly to personal exposure and adversely
affect health if cacentrations are not maintained below heblised threshold&¢gue
andSinger, 2014; Lunden et al.,, 20166 Le ar y e t Theadrocesses2uBetl B a )
cooking such as frying, roastingrilling, boiling and broiling contribute to particle
emissions. Thee are also affected by ingredients, recipes and procedures, fuel types,
cooking temperature and extraction/ventilation equipment (Abdullahi et al., 2013;

O6Leary et alal.2019019a; Klein et

Particles generated by combusti@iated activities surc as cooking are generally
within the ultrafine (diameter 8.1 um) and fine (PM.s) size ranges (Abdullahi et al.,
2013). The harmful effects of these particles has been reviewed iavéiable
epidemiological literaturddue to their small size, ultraie particles (UFP) are believed
to exert higher toxicity than larger particles (Ohlwein et al., 20199y can penetrate
deeper into the respiratory system and can deposit there higfner probability than
larger particles because of their diffusionefticient, causing inflammatory effects
(Afshari et al., 2005). UFP can also be carriers fompaltutants such as polycyclic
aromatic hydrocarbons, some of which are known carcinodearsicle Number
Concentration (PNC)s the most commonly usedpartide metric to evaluate UFP
responsesMost studies analyse particle mass and size distributions and asasach d
collection of UFPs is ndbund everywherand epidemiology is not aslid asit is for

other pollutants€.g.,PM25).

Cooking has been seen to cause tghédst particle concentrations in many IAQ studies
and to explain most of the variation in exposure among houses (Bhanger et al., 2011).
The influence of various processes on cookingseions has been examined in the

literature including the effect of dédrent fuel types. Studies have consistently found
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that gas stoves emit more particles than electric stoves (Buonanno et al., 2009;
Dennekamp et al., 2001). Isaxon et(@D15) took tine resolved PNC measurements

for 22 Swedish homes and found sourcengfiies of cooking activities associated with
toasting, boiling and frying activities to be highest, ranging fronx1.8'2to 4.5x 102
particles per min. Other researchers have alswestigatedcooking emissions and
influencing factors and have fouremission rates to be highly varialfier single
ingredients (Afshari et al., 2005; Isaxon et al., 2015; Dennekamp et al., 2001). Garrett
et al. (1998) concluded that pea&ncentrationsnay be more important for health

ef fects than | onmgerages.3tudies hava alsonassessdd pRM n
emi ssions from complete meals (He =t al
concentrations to be BO0 times higher than backgrounevéls during frying and
grilling. The Home Observations of Microbiah@ Environmental Chemistry study
(HOMEChem) recently examined the influence of everyday activities on the emission,
and found cooking was a large source of VOCs,, Dy and particlesyhich were

predominantly in the ultrafine modEarmer et al., 2019)

A limited number of studies have examined the effects of cooking in the kitchen on
concentrations in other rooms. Hussein ef2006) found cooking activities produced
total PNC (predminantly UFP) exceeding 181 particlestn?® in the kitchen with a
lifetime of between #6 hours. This study highlighted that PNC in the living room were
affected significantly when the living room door was opened, and to a lesser extent
when it was cleed (Hussein et al., 2006). Wan et(2D11) similarly found cooking
activities increased the PNC in the kitchen and living room after cooking, with PNC in
the kitchen and living room about 20D times and 10 times the background level

repectively (Wan eal., 2011).
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Eliminating the processes involved in cooking in order to improve IAQ is unrealistic
since cooking is necessary for the safety and enhancement of quality of a substantial
number of food products (Hagand Morawicki, 2013). here are, howeveways to

reduce emissions in domestic kitchens, including using different fuel sourcestjcion

frying pans and cooking methods that avoi

et al., 2019a). Effective mitigation strategies inahgdinatural ventation and
mechanical ventilation are therefore necessary to reduce exposure to parheles.
former occurs through unintentional leaks in the building envelope, intentional
openings such as windows and via coupled spaces such as bagemenisl., 20.83).
Mechanical ventilationis particularly important during the heating season when
occupants seek to reduce natural ventilation rates to enhance thermal comfort or

mi ni mi ze heating fuel costs (Ob6Leary et

It has been foundtbemost effedve to extract particle emissions at source using a
cooker hood since thadded air exchange introduced by the exhaust fan leads to
reductions in concentratior{®obbin et al., 2018)The efficiency of exhaust fans to
capture cookingelated pollutants carvary widely based on a number of factors
including equipment type and design, configuration, size and location, exhaust flow rate,
exhaust ducting, installation details and use behaviour and house geometry (Dobbin et
al., 2018). Higher rage hood flow rats are generally more effective for UFP reduction,
though the reduction varies with particle diameter due to molecular and turbulent
diffusion (Rim et al., 2012). The ability of a cooker hood to capture particles is indicated
by its capturefficiency (CE) 006 L e.d201pa) und that particle emissions could

be reducednostsignificantlyusing a cooker hood with a CE 0B8% and a noistick

frying pan.
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The extent to which the exhaust device extends over the burners being useardias a |
influence m CE. A device that does not cover thaige burners suffers a large penalty

in CE, increasing the quantity of pollutants released into the room during cooking, and
leading to higher concentrations during the gmsiking period (Singerteal., 2011,

Rim e t al ., 2012; Dobbin et al ., 2018; 0o
intermittent ventilation strategy, using an exhaust fan for an extended period of time
once cooking has ceased caare notablyreduce pollutant concentratio(i3obbin et

al., 20B). Dobbin et al(2018) found that 15 minutes of additional fan use significantly
reduced integrated exposure to UFP anctPND O L e a r.y20181) shewled that
continuing to ventilate with a cooker hood for a further 10 minutes after cooking had a
greder effecton reducing particle concentratiordowever, the decision to continue to
ventilate for a further 10 minutes was somewhat random, being adffaletwea
maximizing the rate of concentration reduction and psygdual factors, such as noise

(O6Lear.,pg01%y al

It is important to understanding cookinglated emissions so we can assess the best and
most appropriate mitigation strategi@¥hilst consderable research effort has been
expended on monitoring indoor particle concentrations Itregufrom episodic
household activities, few studies have utilised multiple fnegolution monitors
simultaneously in the indoor environment. Furthermore, fewarekers have explored

how exposure mitigation varies between properties of varying agstaradure.The

main aim of the study is therefore to analyse particle number concentrations (PNC)
associated with a series of discrete cooking events, and thenwakigh these change

in response to different types of ventilation in houses with diffateartacteristics.

The objectives of this study are therefore to;
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1. Take high timeresolved measurements of PNC associated with discrete cooking
events withindifferent microenvironments for a selection of houses in NW
England;

2. Develop a series of metricsathcan be used to quantify differences in PNC
caused by different source types and different forms of ventilation;

3. Evaluate the influence of natural and imagical ventilation on the decay of
PNC concentrations across houses of varying age and structure;

4. Explore how PNC within an individual household may be influenced by other

factors including housing layout.

4.2. Methodology

4.2.1. Measurements and Instreimtation

For 7 nonconsecutive days, high resolutiongécond) measurements of PNC were
taken fromfixed locations withirB purposelyselected houses NW Englandhat were
accessible for monitoringAll houses were occupied during the monitoring period,
unroccupied during active periods of monitoring aside from the investigator. The
characteristis of the individual houses are summarised in TalileThe measurements

were taken between July 2018 and April 2019.

Table 4.1: Characteristics of the residences monitored over the course of thistghalyage,

hob type (Gass Electric), oven typeGasvs Electric), ventilation strategy, kitchen volume.

House | Type Age Hob Oven Vent | Kitchen Volume (nd)
(years)

1 Terrace 120 Gas Electric | A 48

2 Detached 17 Gas Electric | B 56

3 Terrace 5 Gas Electric | B 65

4 SemiDetached | 60 Gas Electric | A 47

5 Detached 26 Gas Electric | B 123

6 SemiDetached | 60 Gas Electric | A 29

7 Flat 20 Electric | Electric | A 86

8 Terrace 120 Gas Gas B 15
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A: Mechanical ventilation in kitchen (r@rculating) plus natural ventilation
B: Mechanical ventilation in kitchen (vengjhplus natural ventilation

PNC were monitored with a condensation particle counter (#Ceforth), housed
inside an NAQTS V2000 unit. Notwithstanding the epidemiological evidence that UFPs
may be more harmful to health than large particles, combugtioerated particles tend
to be considerably smaller than u%. This justifies the use 6fNC as a more relevant

metric than mass concentration to determine residential exposure.

4.2.2. Experimental Design

Occupants were asked to complete a structuredtaunnaire prior to monitoring. This
was used to capture information oanstruction year, floor and wall materials, and
ventilation systems of the individual houses. Floor plans were provided by the
occupants where available. A laser distance meter seakto measure kitchen area and

volume.

PNC were recorded for a seriesdifcrete cooking events (Tabde?). The cooking
activities included toasting bread in a toaster, frying an egg on a hob, and cooking bacon
in an oven. The ingredients were selediedause they are typically used across most

UK households anthe activitescould easily be replicated. During toasting, two pieces

of bread were cooked on the highest toaster sdtirigminutesThis process is simple

and repeatable with fewer variagbt t han many ot her caodki ng
Jones2017). During frying, an egg was fried on a hob with a small amount of olive oil

for 6 minutes after heating the oil in a frying pan for 2 minutes. During oven cooking,
three rashers of bacon wereoked at 200C for 10 minutes after prieeating the oven

for 10 minutes. Each activity was performed unteo ventilation scenarios (no

ventilation, natural ventilationpnd frying and oveiooking activities were also

70



performed under mechanical ventitati To reproduce reakorld conditions,in
naturally vemilated scenarioswindows were opened once cooking was complete,

whilst mechanical ventilation was activated prior to the onset of cooking.

During the initial phase of experimentation two NAQTS V2QRereafter V2000) units

were independently placed ihe kitchen to investigate PNC whilst internal doors
remain closed (this was not feasible in an open plan property). One unit was placed
close to the cooking source and one unit was placed at theeotthesf the kitchen.

During the second phase of expemtaion, additional V2000 units were placed
around the house. V2000 units placed in the same room as the cooking sources (kitchen)
are herein r4f et déd mifiadimbritorsSeretgpimatly placed

in an upstairs bedroom or stairw@y in house 7 in a secondary room) with internal

doors left open tpromote air flow around thehole house

Table 4.2:Episodic cooking experimenfthat include toasting, frying and cooking bacon)
conducted within each house under various ventilatiena@os and within one room
(kitchen) and around the house (whole house). Experiment, ventilation characteristics and

locality indicated.

Expt Location Internal | Source Ventilation | Ventilation Operated From
Doors

A Kitchen Closed | Toast None

B Kitchen Closed | Toast Natural Opened after episodic cooking

C Kitchen Closed | Fried Egg | None

D Kitchen Closed | Fried Egg | Natural Opened after episodic cooking

E Kitchen Closed | Fried Egg | Mechanical | Beginning of frying

F Kitchen Closed | Bacon None

G Kitchen Closed | Bacon Natural Opened after episodic cooking

H Kitchen Closed | Bacon Mechanical | Start of preheating

A Whole House | Open Toast None

B Whole House | Open Toast Natural Opened afteepisodic cooking

C Whole House | Open Fried Egg | None

D Whole House | Open Fried Egg | Natural Opened after episodic cooking

E Whole House | Open Fried Egg | Mechanical | Beginning of frying

F Whole house | Open Bacon None

G Whole House | Open Bacon Natural Opened after episodic cooking

H Whole House | Open Bacon Mechanical | Start of preheating
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Before each experiment, the pans and cooking utensils were cleaned in warm water with
standard dishwashing soap, rinsed with tap water and dried. At the end obekiciy

event all cookingappliances were turned off and the frying pans/baking trays were
moved aside to reduce continued emissions and to give a clear end to the experiment.
In addition, after each test, once PNC had declined to background levelfioeiaeh

was Of | us haa éxiendédhpermdi @f matural ventilation prior to the next

experiment being conducted.

4.2.3. Data Processing and Analysis

All PNC profiles were visually assessed prior to further analysis. A series of key metrics
were adoptedto enable comparisons to bwade between different source and
ventilation combinations across the various houses. These metrics are similar to those
used in hydrology; namely time to peak (TTP), peak concentration (PKC), time to
background (TTB), rate ofetay (RTE) and areandercurve (AUC). These are
illustrated in Figur&.1. TTP and TTB are sedxplanatory, relative to the timing of the
peak concentrationRTE was estimated for each experiment where there was a clear
rise and fall in particle numbenbserved, by using a linesegression of the natural
logarithm (Dobbin et al., 2018). The aremderthe-curve (AUC) is representative of

the integral between two points in time, namely the start of a cooking event and the time
when PNC returned to baakgind levels.The sum of tle areaunderthe-curve is
thereforea surrogate to source strenglim emission rate is the source strength divided

by the time (duration) of cooking activity. Source strength and emission rates have been

calculated inasimilananner t o .@01Bag.ary et al
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Figure 4.1 Schematic of PNC curve over time generated by a discrete cooking asfivity
the following key metrics highlighted; time to peak (TTP), time to background (TTB), peak
concentration (PKC), rate of decay (RTE) and anaderthe-curve (AUC).

Air exchange rate (AER) calculations were based upon the slope of the logarithmic
decayof PNC within a boundary where thesquared is above @b (Table4.3). This

was more reliabl¢han the C@ method due the consistency in nature of exponential
decayWe calculated AER under different ventilation scenarios to determine the likely
dominantPN removal processes. Under no ventilatiwa,seea low AER (Table 4.3)
andassumehat partites aremainly removed bynatural infiltration, more so in older
buildings than new ones, and deposition. For natural and mechanical ventilatsse
higherAER (Table 4.3 andassume dispersian bethe dominant process. Houses 1,

4,6and8areoldrnd seem to be more Al eakyo.

Deposition rates are considered; these are simply modelled baseslwork ofHe et

al. (2005) and also use AER calculations asway to infer relative influences of
deposition (to ventilation)Ve alsogain somaunderstanthg of the influence of decay
by subtracting the ventilated AUC from the peentilated AUC which eliminates the

influence of ventilation.
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Table 4.3: Representativair Exchange Rate (AER) based on logarithmic decay of PNC,

from oven cookingACH h?)

House No Ventilation | Mechanical Ventilation Natural Ventilation
1 0.72 0.72 2.16
2 0.36 1.44 3.24
3 0.36 1.08 4.32
4 1.08 1.08 5.40
5 0.72 4.32 8.64
6 1.44 2.88 9.72
7 0.72 1.08 6.84
8 1.80 2.52 5.04
Mean 0.90 1.89 5.67

The raw data were compiled msummary tables for each metrithese tables were

then imported into IBM SPSS Statistics version 26 to look at differences between means
per housdfor all source types and ventilation scenarios) and mpanscenaridgfor

all houses and source typeBgfore conducting any statistical tests the distribution of
each group of data was tested to see if it was normally distributed using the Shapiro
Wilks test.If the significance {§) value was <0.05 then the data weregsificantly
different from the normiaistribution and the nonparametiann Whitney U testor

two or more independent samples was used to determine whether the means were
different.If the significance [§) value was >0.05 then the data were normally
distributed, and the paramettidependent Samples -Testwas used to determine
whether means were differeim. both cases, a significange) (/alue of0.05was used

to determine whether tested mearesg.,for a ventilated and unventilated scenario

were significantly different.

4.3. Results and Interpretation

4.3.1. Characteristics of Cooking Emissions

A total of 128 discrete cooking events were characterised. These show large

enhancements of UFPs (indicated by PNC) which can persist within the kitchen and
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elsewhere around the house $&ignificant periods of time. During cooking, particles
can originatérom both the heat source and the food, leading to some distinguishing
sourcespecific characteristics. However, all the PNC tiseeies show similar profiles
over time (Figure4.2) andcan be divided into three distinct periods; [1] initial
background peod, [2] cooking activity period, and [3] pesboking period of decline

to background, similar to periods described by Zhang é€2@10). The PNC increases
rapidly with the onset otooking then decays at rates maimlgterminedby air
exchangeand de@osition onto interior surface¥/e focus primarilyon air exchangen

our exploration of soureeentilationhouse specific influences (Figude3) however

we also consider the influenoédeposition through a basic model

10000000
[1  [2] I3

1000000 —

100000 A b

10000 -

Particle Number Concentration
(particle/cn®)

1000 . . . .
0 1000 2000 3000 4000 5000
Elapsed Time (Seconds)

Figure 4.2 Typical tmporalPNC responsever an episodic period of cookindpata taken

from House 3 based on egg frying with no ventilation but indicative of PNC response across all
experiments. Green [1] Backgrodironcentrations, with absence of activity, and overall good
IAQ. Activity then begins at the boundary of the green and red seciRats[2] Greatly
enhanced concentrations, with cooking activities and worsening IAQ. Ofah@ecaying

concentrations, fowing cooking activities with improving IAQ.
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Figure 4.3 PNC response taa) toasting breadh) frying eggs andd) oven cooking bacon

under different ventilation scenarios. Data from Aesd monitor in House 2.

Across all housg prior to cooking, PNC typically varied between 1000 and 10,000
particles/cm (often below 5,000 grticles/cni). With the onset of cooking, PNC
remained low for a short period of time (on average ~5 mins), then rose rapidly until

peak concentrations wereached. PNC were typically > *Bigher than background
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levels during cooking activities witthe highest PNC higher than those reported
outdoors i n the wo(delJebisstaln2bl$Howeyeq pedklevelsd c i t
were short lived (on averag-5 mins). Our results reveal that peak concentration varies
considerably with source type, \#ation type, placement of monitor (near and-far

field), and type of housing. Emission rates varied over time as cooking continued, which

was the result of aange of factor§ O6 Leary et al ., 2019b) .

Once cooking has stopped, PNC decay towards backglexeld. The increase in PNC
immediately after the onset of cooking is typically more rapid than the decrease in PNC
once cooking has ceased with thete of deay being governed bylispersion
(sometimes promoted by ventilatipdeposition, and in somei@h temperature) cases,
coagulation.Deposition to indoor surfaces is a key sinkough much less of a
significant influence than ventilation, which we knowrfr differential air change rates
between ventilated and neentilated scenarios (Table 4.4) asll as particle loss
calculations (Table 4.5). Liu et al. (209&ave recently established that deposition rate

is linearly correlated with natural ventilatioate, but we, like many other researchers,
assume a constant rate of deposition in our calonk and expect deposition will stay

roughly constant between tests for any individual house (Dobbin et al., 2018).

Dispersionpromoted by air exchange ameéntilation is thereforelikely the most
dominant process for reducing PNC, and the biggest cause for variability between
scenarios and housds.general, dipersiormpromotedoy natural or mechanical extract
ventilation ensured that particles were only présn high numbers for relativeghort
periods of time in all houses included in this st(€B0 minutes)Using a simple model,

we can quantify the significanoaf ventilation as a removal proceggable 4.5),
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showing a much more rapigeductionin paricles from an example initialpeak of
1,000,000 particles/cfn

Table 4.4: Natural decay rates thfor nonventilated and ventilated toasted scenarios.
Percentage (%) of particles lost after an hour in gackilationsituation for each hous8oth
of which indicae the efficiency of ventilation and a reflection of the contributions of

deposition and ventilatiotdighlighted rows did not have strong correlation rate for

calculations.
Non ventilated Ventilated
% particles lost % particles lost
House | Decay Rate (#) after hour Decay Rate () after hour

1

2 0.72 51.3 3.96 981
3 1.08 66.0 4.32 987
4 1.8 835 7.56 99.9
5 1.08 66.0 2.88 944
6 2.52 92.0 10.08 99.9
7 4.32 987
8 3.6 973 9.72 99.9

Table 4.5: Modelledparticle conentrations givenraexamplestarting or peak concentration
of 1,000,000 particles/chovertime highlighting the significance of the greater air change rate
given during ventilation that removes many more particles over shorter time (gadesto

closesthousand)

Model Particle Concentratigiparticles/cn)
Ventilation

Hour Non-ventilation

1000000 100000
165000 0

27000

5000
1000

0

0

oo~ WwN |- O
o |O|Oo |Oo o

4.3.2. Evaluation of Metrics and Ventilation Measures

We have applied statisticadts of difference to compare and contrast our metrics for

the different source and ventilation scenarios (summarised in Zapler the 8 houses
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(summarised in Tablé.1). Summary statisticgninimum, maximum, mean, standard
deviation)were generatefbr data captured by i) near and-feeld monitors located in

a single room (kitchen) and ii) near andfi@id monitors located in two rooms (kitchen
and one other room)We used SPSS to determine statistically significant differences
between mean vads for the hypotheses we were testfe alsoused descriptive

statistics to isolate unusual outcomes which we explored in more detail.

4.3.2.1. Near and Fdrield

Single Room (Kitchen)

Here we aimed to test whether there was a statistically signifittierence between
the mean value per metric for each house (based on all source type and ventilation
scenarios) based on data from Reard farfield monitors deployeth the same room
(with internal doors closed where possible to restrict particleements elsewhere
around the house). These tests were used to determine whether 2 units located in the
same room monitored similar PNC at similar times. Tah& summarise peak
concentrations per house for each source type and each ventilation scasadmb
data derived from the 2 units located in the kitchen. Summaries of the other metrics are
illustrated in AppendiAl.

Table 4.6 Peak particle number concentratigR¥&C) across all activitiegtoasting, frying,

ovencooking) and ventilation scenas (no ventilation, natural ventilation and mechanical

ventilation)and houses for one room at (proximal [distal]) locations (particlés{cf).

H1 H2 H3 H4 H5 H6 H7 H8
Toast No Ventilation 2.6 1.9 0.4 10.9 1.3 6.0 4.0 10.8
[3.6] [2.8] [3.3] [5.4] [2.0] [10.6] [9.5] [21.7]
ToastNatural Ventilation 1.9 1.3 0.8 13.0 0.7 6.2 2.3 11.4
[4.0] [1.6] [1.4] [2.8] [1.4] [6.1] [7.8] [20.3]
Eggs NoVentilation 0.8 10.7 29.2 19.8 2.3 155 3.9 16.2
[0.5] [5.8] [4.7] [9.1] [6.1] [11.9] [7.2] [25.8]
EggsMechanical 1.9 6.6 23.2 25.1 1.2 11.3 1.3 16.8
Ventilation [1.3] [3.8] [6.4] [12.9] [3.8] [8.47] [3.7] [22.4]
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Eggs Natural Ventilation 1.6 4.8 15.8 22.5 2.0 12.1 3.2 16.5

[1.0] [4.8] [5.8] [8.4] [5.9] [10.6] [8.2] [26.3]

Bacon No Ventilation 12.7 3.2 185 7.6 0.9 6.1 22.6 31.8
[6.1] [2.8] [3.7] [2.4] [2.3] [3.6] [2.2] [18.1]

Bacon Mechanical 16.5 3.2 14.1 11.5 1.9 6.1 16.5 24.5
Ventilation [8.9] [1.9] [5.2] [6.5] [1.2] [1.4] [2.2] [18.1]
BaconNatural Ventilation 11.4 1.3 12.4 14.2 1.2 4.4 295 25.6
[11.3] [0.9] [3.0 [3.6] [2.24] [1.9] [5.0 [17.5]

Mean 6.2 4.1 14.8 15.6 1.4 8.5 104 19.2
[4.6] [3.0] [4.2] [6.4] [3.1] [6.8] [5.7] [21.3]

The results of statistical analyses reveal that almoptwallues across all metrics are >
0.05 (Tabled.7). Therefore,this informs us thaalthough we independently measured
PNC at two locations in the same room (kitchen), tpeyerally show similar values
and provide data that align with one anotivée therefore conclude that generally the
mean values derivellom the 2 monitors were not statistically significantly different,
and we broadly see the same magnitude and temes@dnse in PNC to our discrete
cooking events in both unit§herefore, we take the measurements from thefieddr

monitor to be repentative of the room as a whole.

Table 4.7 Summary of statistical tests to determine whether differdmetegeen the mean
values derived from neaand farfield monitors were significant across all scenaros (
0.05) f values <0.05 highlighted in bld font) for each key metric.

House | TTP PKC AUC RTE TTB

1 0.726 | 0.645 | 1.000 | 1.000 | 0.707
0.467 | 0.402 | 0.645 | 0.435 | 0.895
0.629 | 0.014 | 0.145 | 0.959 | 0.804
0.328 | 0.004 | 0.321 | 0.442 | 0.952
0.007 | 0.035 | 0.021 | 0.645 | 0.534
0.721 | 0.431 | 0.835 | 0.645 | 0.731
1.000 | 0.878 | 0.721 | 0.878 | 0.898
1.000 | 0.488 | 0.979 | 0.574 | 0.845

0N O~ WN

We have illustrated the data for each cooking activity and calculated summary statistics
and we conclude that a single V2000 monitor can provide a representative measure of
IAQ in a singleroom. However we also make some interesting observatians
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observesome variability in individual eventg&or example, emissions associated with
cooking bacon in an oven are always higher close to the source, whilst emissions
associated with frying angg or toasting bread atesually higher at a distance. This

was partialarly noticeable for House 5 and 7. This is likely a product of the way in

which the food is cookednd way the pollutant plume evolves.

Multiple Rooms (Kitchen and Other Room)

Here weexplored spatigemporal variation in PNC around individual houses. In multi
room scenarios we observe high P@oughout the propertyPersistence of these
particles, particularly upstairs, highlights concern with regards to health consequences
since peple will spend a significant amount of time here (sleeping). Here we aim to
test whether there is a statistically significant difference between mean values per metric
for each house (based on all source type and ventilation scenarios) foametar-
field monitors deployed in separate rooms (with internal doors open where possible to
promote particle movements elsewhere around the h¢lable 4.8) PNC data from
a neatfield (kitchen) and fafield (upstairs) location tells us something abth
relaionship between ventilation and airflow throughout a residence more generally
(AppendixA2).

Table 4.8: Summary of statistical tests to determine whether differences betwemedime

valuesderived from nearand farfield monitors were significar(p < 0.05) (p values <0.05

highlighted in bold fontjor each key metric.

House | TTP PKC AUC RTE TTB
1 0.347 | 0.105 | 0.218 | 0.279 | 0.787
0.040 | 0.000 | 0.103 | 0.015 | 0.682
0.018 | 0.002 | 0.019 | 0.279 | 0.533
0.105 | 0.000 | 0.196 | 0.505 | 0.825
0.007 | 0.721 | 0.721 | 0.234 | 0.878
0.094 | 0.000 | 0.005 | 0.095 | 0.770
0.959 | 0.021 | 0.056 | 0.442 | 0.832

N[o|lobhlWN
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| 8 | 0.038| 0.000 | 0.025 | 0.030 | 0.060 |

When we consider two room scenarios, we inherently increase the variability, likely as
a function of floor plan and area. This variability is highersmme houses than others.
We see statistical differences between mean values for TTP, PKC and to exesse

AUC (Table4.8). However, no single metric shows statistically significant differences
for every house, and no house shows statisticallyfagnt differences for all metrics.

TTP seems moderately variable, with some houses showing signifitimerttes
between nearand farfield monitors whilst others do nof.TP is known to depend on
many factors such as cooking method, particle sizatjvellocation between the source
and sampling area and indoor airflow (buoyancy and convectionp(icdio, 2008).

PKC differ significantly between near and-faeld locations, probably because the
further the particles travel before being sampledgteater the likelihood that they will

be dispersed, coagulateat deposited (Laand Hq 2008). This hold true for some
houses in our study, but not for others, and we observe some interesting spatial patterns
resulting from particle dynamics (particularh House L. We conclude generally that
mean values for some metrics derived from the-naad farfield monitors are very
different (statistically so), suggesting that the units are measuring different levels of

particle pollution, though note some Ises respond differemtl

We used the mean value per metric across the eight houses to calculate asarage n
field (kitchen) and fafield (upstairs) values (Tabk.9). From TTP we see it takes
almost twice as long to reach the peak concentration iratield. This makes sense
given the extended distance from souRKC and AUC values are much highetts
nearfield monitor which is not surprising given the proximity of the source to the

monitor and the potential for dispersion and depositieroete to the faifield monitor.
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The RTE is quickest in the nefeld, driven bythe operation olocal venilation in the

nearfield and initial dispersion to other regions of the house.

Table 4.9:Metrics derived from nedield (kitchen) and fafield (upstairs/elsewhere)

monitors averaged across all houses

Metric | Near-Field Far-Field

TTP 12 mins 22 mins

PKC 1,000,000m?® 400,000cm?®

AUC 700,000,00@n® | 300,000,00@n

RTE 36.30 particles | 21.86 particles
cm’ls cmls

TTB 79 mins 81 mins

4.3.22. SourceVentilation Dynamics

Single Room (Kitchen)

Here, we aim to test whether there si&tistically significant differences between the
mean values for each metric for different types of ventilation (no ventilation, natural
ventilation, mechanical entilation) for all sources (toast, fried eggs, ceeoked
bacon) and all houses based asirgyle neaffield monitor placed in the kitchen (with
internal doors closed whe possible to restrict particle movements elsewhere around
the housefTable 4.10)We evaluated most of the metrics we have previously used but
excluded those that were notrelevance to ventilation and did not show significant
differences.

Table 4.10 Summary of statistical tests to determine whether differences between the mean
values derived from neaand farfield monitors were significanp(< 0.05) p values <0.05

highlighted in bold fontjor relevant metricsSTTPT Time to Peak; PKC Peak

Concentration; RTE Rate of Decay.

Source| Ventilation AUC RTE TTB
Toast | NON v NAT | 0001 | 0.000 | 0.001
Eggs | NONv NAT | 0.016 | 0.007 | 0.001
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Eggs | NONVMEC | 0.231 | 0.108 | 0.038
Eggs | NATVMEC | 0.168 | 0.011 | 0.004
Bacon | NON v NAT | 0.065 | 0.010 | 0.007
Bacon | NONVvMEC | 0.721 | 0.173 | 0.279
Bacon | NATvMEC | 0.195 | 0.018 | 0.002

We see statistically significadifferences in RTE and TTB but not in the other metrics
(Table4.10. Differences between TTP and PKC in reand farfield locations are not
statistically significant, which makes sense given that these metrics relsderte
strength which is broaglsimilar across source types and ventilation scenarios. We
observe a longer TTP for oven cooking in response to the prolonged cooking period (20
mi nutes) and hence O6mixingé duratiomsn. We
(PKC) in nonventilated senarios when the kitchen exhaust fan is turned off and the
windows remain closed?eak concentrations are not maintained for long periods,
particularly with the onset of ventilatio&enerally, for most houses, we see higher
peak concentrations when ovemoking bacon (0.8& 10°1 31.5x 10° particle/cn?)

thanfor the other food typesith an unusual concentration profile over ti(iable 4.6;

Figure 4.3, with two distinct peaks inesponse to opening and closing the oven door
which promotes particle digpsion within the kitchen spac&his is consistent with
findings from the HOMEChem study where there are rapid increases in PNC and ammonia
concentrations as the oven is opened whioh researchers relate to the thermal

decomposition of amino acids in atgroteins (Ampollini et al., 2019).

Despite not simultaneously measuring PNC outside of the residences, infiltration rates
are expected to be low across the eight houses incladeid istudy, as PNC toakore

than anhour on average (but sometimesrsfigantly longer) to decay to background
levels (see Appendi&l) under norventilated scenariosith depositionthe dominant
removal mechanisnlhis indicates that the houses agatively airtight, despite the
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age of some of the propertidsr exchang rates (AER) measured under nantilated
conditions support this assertion (mean of 0.90 ACH per hour, Ba®)leThe main
control on AER was provided by natural ventilation (vandopening) or mechanical
ventilation (range hood or exhaust fan) withamé&ER of 5.67 and 1.89 ACH per hour,
respectively. Enhanced rates of air exchange provided by natural or mechanical
ventilation ensured that PNC were present in high concentravonslatively short

periods of time.

In the context of ventilation, wes significant differences in RTE and TTB as expected
(Table 4.10) The decay rate (RTE) reflects the removal rate of particles. This was
largely controlled and enhanced by the typgemtilation and is a key mechanism for
particle removal (Zhang et aRp10). Considering each cooking activity individually,
the fastest RTE are associated with natural ventilation irrespective of §appandix

Al). On averageacross all house®NC reduced to background levels much more
rapidly under conditions of natirventilation than conditions of no ventilation (101
minutes more rapidly for toast and 106 minutes more rapidly for frying) due to increased
rates of air exciinge From this we conclude that natural ventilation is the best strategy
for reducing cookinggenerated particlesMlechanical ventilation was also found to
significantly reducd®NC in the kitchen. On average, across all hou&¥€§; reduced to
backgroundévels much more rapidly under conditions of mechanical ventilation than
under conditions of noentilation (28 minutes more rapidly for oven cooking and 54
minutes more rapidly for frying)However, these rates were highly variable across

houses.

AUC shows some significant differences between nead farfield monitors (Table

4.10) which can be fdated to the effectiveness of ventilatiorhe AUCranged from
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2.17 x 10" to 2.40x 10° particles’cm®. These numbers are slightly lower than those
previously r@orted byZhang et al(2010).Under nonventilated scenarios (particularly
egg frying and overooking) we see high PNC and large AUC values. However, we
cannot compare our values to hedidsed standards because these do not currently

exist for PNC.

In summary, wedo notobserve significant variations source strengthThe V2000
monitor record similar PNC for toast, fried eggs and oweooked bacon across all
houses and our statistical analysis of our sebesed metrics TTP and PKC confirms
this. In contrast, we do obserstatistically significant differences iour ventilation
based metdas RTE, TTB am AUC. We conclude that natural ventilation is most

effective atreducing potential exposures.

Multiple Rooms (Kitchen and Other Room)

Here we aim to test whether there are statistically significant differences between the
mean values of eacmetric for dfferent types of ventilation (no ventilation, natural
ventilation, mechanical ventilation) for all sources (toast, fried eggs,-ovaked
bacon) across all houses based on a-fieldrmonitor placed in the kitchen and a-far

field monitor paced elsewherin the house (with internal doors open where possible to

promote particle movements around the house) (FiWB.

Table 4.1 Summary of statistical tests to determine whether differences between the mean
values derived from neaand far-field monitors were significant< 0.05) ¢ values < 0.05

highlighted in bold fontjor each of our key metrics

Source | Ventilation | TTP PKC AUC RTE TTB
Toast NON 0.041 | 0.038 | 0.029 | 0.075 | 0.712
Toast NAT 0.024 | 0.001 | 0.020 | 0.027 | 0.846
Eggs NON 0.004 | 0.015 | 0.100 | 0.054 | 0.362
Eggs NAT 0.021 | 0.021 | 0.247 | 0.147 | 0.303
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Eggs MEC 0.032 | 0.010 | 0.074 | 0.007 | 0.969
Bacon NON 0.000 | 0.004 | 0.028 | 0.190 | 0.716
Bacon NAT 0.008 | 0.006 | 0.141 | 0.529 | 1.000
Bacon MEC 0.000 | 0.006 | 0.033 | 0.083 | 0.721

We expected the fdreld montor (typically located upstairs) to record lower PNC than

the neaifield monitor, and this is usually the case (Apper2y. Differences between

mean values of TTP, PKC and AUC derived from ffeld and farfield monitors vere
generally statisticallyignificant (less so for AUC). TTP was generally quicker at the
near field monitor due to the short distance between the source and the monitor, leaving
little time for removal processes. Similarly, PKC and AUC were higheeatdhsfield

monitor for thesame reasonThere were also statistically significant differences
between the neaand farfield monitors caused by local ventilation in the nieid

only. RTE was faster in the near field in response to local ventilai observed
variability in decay rates across all houses under naturally ventilated scenarios due to
the higher rates of decay in the kitchen than elsewhere around the house. This was in
part due to faster initial decay rates which includes dispersiomé@utbe kitchen and

the rest bthe property. This was to some extent a function of housing volume, which
we later discuss. As before, we are reasonably confident in the assertion that natural
ventilation is more effective at reducing PNC than mechanicatilagon in the
kitchens othe eight houses we tested based on analysis of these metrics and assessment

of raw data.

4.4. Discussion

4.4.1. Indoor Sources and Particle Dynamics

The factors governing indoor PNC include direct emissions from indoor sources,

ventilation supply from ouwloor air, filtration, deposition onto indoor surfaces, and
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removal from indoor air by means of ventilation (Nazaroff, 2004). In this study, cooking
isseen to be a large source of (ultrafine) particles as high concentrations were observed,
as has similayl been noted in numerous other studies including HOMEQkemmer

et al.,2019) where cooking was seen to be a large source of VOCs, IO, and
paricles of various sizes (Farmer et al., 2019; Patel et al., 2020). Particle emissions
from cooking eventsre intermittent, episodic and localized. The effects of emissions
on inhalation exposure depend, to an extent, on iRdmonixing processes (Nazafpf

2004), which can be influenced by ventilation and occupancy. Following emission, the
concentrations ofarticles indoorsare the result of several processes where the
production of particles is balanced by loss through various removal or transformation

mechanisms (RuzendHarley., 2012).

Airborne patrticles deposit on indoor surfaces after collision ahesaon (Nazaroff,
2004; RuzeandHarley, 2012)Surfaces therefore play important roles in the lifetime
and reactivity of pollutant emissions (Farmer et al., 20k®pur study we expect
variable deposition rates from house to house as a function wdiyieg surfaces and

as a result of house volum#@/e suspect that larger kitchens with more surfaces for
deposition could in part contribute to lower AUC valu¢swever,on the wholepwing

to the ultrafine nature of particles generated in our shydgooking activitieswe do

not expect deposition toe a significant influencen PNC decayWe indeed attribute

less tharone thirdof particle loss to deposition, based on the variable air change rates
between ventilatd and nonventilated scenarioand ourparticle loss calculations
support this assertio (Table 4.5).Previous work also supports this conclusion.
Respirable particles (diameter < 2.5 um) such as those generated by cooking processes
will remain entrained in room air movement even at higher AlE&zer and Harley,

2012).Indeed, sttling velogties show that respirable particl@sameter < 2.5 pmglo
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not deposit onto the floor quickly under the influence of gravity (RaneiHarley,

2012). Previous workighlightsthat the lowest deposition est were found for particles

in the size range fra 0.2 to 0.3um for both minimum (AER: 0.6 0.45h'!) andmore
typical (AER: 3.00+ 1.23h'1) ventilation conditions (He et al., 2008)oagulation is
another potential removal mechanism (Rim et al., 2012), particularly for UFP in high
concentrations. Heever, we were not able to include measurementsuticte size in

our study, with our monitor recording PNC only. Therefore, we were unable to measure

the changes in size distribution over time to look at coagulation effects.

The volume of the house, tlaetivities of its residents and methods of ventlaican
have a significant effect on the concentration of induaticles(Nasir and Colbeck,

2013). We now examine the influences of ventilation rates and house volumes on IAQ.

4.4.2. Ventilation and AiExchange

Most houses are ventilated by a combioatof natural ventilation through windows
and other design openings plus infiltration and intermittent extract ventilation, including
those in this studyln our study, leakage flow or infiltration appsao be low, with
greater exposurt® elevated PNinder nonventilated scenarid@\ppendix A1 and A2)
where removais dependentpondeposition and infiltrationindicatingthatall houses
are generally airtight (as also indicated by our low AER, Tab®. Therefore,
infiltration is not a major mechanisfor particle removal.e., is not as effective as
purpose providedventilation Natural ventilation, driven by wind and thermally
generagd pressures, seemaneet ventilation needs in this study with window opening
significantly increasing the rate afr exchangein even the most airtight of houses
following episodic cooking activities. Similarly, when using an extract ventilation

stratgy, we see significant removal of particles. We found that continuing to run the
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extraction fan for the duration of RNdecay significantly accelerated the decay. We
know in our experiments that the exhaust ventilation dwaectly over the hob so we
are getting a larger reduction in particle concentration that might otherwise be expected

(Singer et al., 2011; Kimetak,0 1 8 ; O6bLeary et al ., 2019a)

Whether the range hood is venting, or recirculating has important impacts on IAQ.
Venting range hoods thatxhaust kitchen contaminants directly to the outside
environment (Kim et al., 2018) are masgtective Some homes ithis study did not

have venting systems, or the venting systems were not enabled. However, we found that
even recirculating range hoods eange hoods that did not vent properly outsalg.(

House 4) were still effective at removing particles, morehsa if they were not in
operation. Regardless of whether a cooker hood is venting properly or not, we observed
a significantly enhancedteaof particle removal. In fact, we do not discern significant
differences in pollutant removal rate irrespective bether the cooker hood is venting

outside or recirculating.

In the UK, under the English Building Regulations and Approved Documentkeki

in new dwellings are required to have an intermittent extraction rate l¢f 6030I/s

through a cooker hood Ki m et al ., 201 & ;UK Gavdrrgnant,y et
20149). Only one such property would have been designed with tlegsdations in

mind (House 3). All other properties investigated in this study were built before these
regulations came into placgy we cannot compare between guidelines aneredd
situations. There is also the issue of maintenance and as suchraetoexans will be
operating at published CBctual usage of intermittent extract ventilatialso needs

be considered. In realitoccupantaise extractiorians in theirhomes andpartments
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lessfrequently than might bexpected.For examplePark anl Kim (2012) foundhat

only 31% of occupantssedtheir fans in a study based in Korea.

4.4.3. Monitoring Room and House Volume

Ancther consideration in relation to IAQ is the floor area and room volume. We focus
here onthe toast source only and kitcheolume (total of 16 observationsHome or
room volume has been evaluatedelation to IAQin previous studiese(g.,Hubuyo et

al., 2011). Consistent with such studies we find the smaller the volume of the room in
which the monitor is placed, the hightse PNC (Figuret.4) (Haghighatand Kim,
2009). Whilst our results show a low degree of correlafi®¥rof 0.15)between AUC

and kichen volume under neventilated conditionghey show a moderate correlation
(R? of 0.51) under naturally ventilated conitins, indicating that as kitchen volume
increases, AUC decreas@&ée nonlinearity in this trend is consistent with the variation

in source and ventilation between honies possible thatariations insourcestrength

or more likelyventilation rate(and air exchange provided by window openiogjld

have some influence on this trend, howewee, assert some influenadriven by

differences in volume.
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Figure 4.4: Correlations between kitchevolume and areanderthe-curve plots (which is
indicative of total amount of toagenerated PNC in the roaand surrogate for source strength
for eachof the eight houses monitored this study under nomentilated and ventilated

scenarios

Klepeis & al. (2017) similarly found at lower room volumes some homes have much
higher particle levels than othessrecent study of particle size in relation to building
characteristics by Ursa al. (2015)likewise found lower levels of fine particles were
as®ciated with largehousesand the use of kitchen a@éxhaust systemgetter et al
(2002) also found that particle emissions from burning incense were high in small,
poorly ventilated roms. We conclude that in our study this is beca(agsuming
roughly similar source strengths), we see a much larger accumulation of particles in
smaller roomsger unit of air) whiclcan be reducetb background levels muchore
rapidly than an equivalemumber of particles in a larger room. Thisalsoindicated

by the moderate correlations between RTE and kitchen volume feremtitated R?

= 0.50)and ventilatedR? = 0.58) results (Figurd.5). We attribute slower decay rates

in larger kitchens temaller source impacts (despite larger mixing vasror diluting
pollutant concentrations (Klepeis et al., 201dye to larger volumes of air and thus
smaller concentration gradientSlower decay rates in larger kitchens might also
indicate depositions more of a controlling factor that we previouslysertedThis

92



contradicts the findings of Jovasexdtojanovic and Bartonova (2017) who found that

smaller free space areas were associated lostper residence times and prolonged

exposure.
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Figure 4.5: Correlation between kitchen volume attetay rate for toasting activities under
non ventilated and naturally ventilated scenagio®ss all eight houses in this study.

The size of the room will also dictate thgailable surface area for depositiéhie
hypothesise that increasing the rommume will increase the number of surfaces
available for interactiomand depositiari-or exampleThatcher et al2002)found that
surface area of a bare spanerfiinal surface areaf 35 nt) could be increased by21
m? through the addition of furnitur&hich increased the deposition rateabfactor of
2.6. This would mearthatwe would expect lower particle exposures associated with
larger monitoring room volumes, whichwhat we see in our AUC metric (Figure .4
but not in our RTE metric (Figure ). However, since we do najuantitatively
consider the influence of deposition (due to our focus on PNC measurearehgssert
the influence of deposition to be negligible in comparison to ventilatie are
confident inthis assertionWe take the aichange to volume ratio to be important, not

volume alone
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When considering whole house dynamics, we expect higher PNC in houses with smaller
volumes and lower PNC in houses with higher volumes for the reasonsestdted
Klepeis et al(2017) found hat houses with more doors, bedrooms, or bathrooms were
generally bigger and thatarticle levelstended to be lower as a consequeotéhe
greater mixing volume for diluting pollutant#/e reach the same conclusidine type

of home also appears itafluence PNC in the upper quartiles of the distributions with
apartments having higher PNC than detached hd#seseis et al. 2017)We do not
discern this effect between detached houses and apartments, but this eduiduied

to our small sampleze.

These results and our interpretation might not match those for other sources (eggs,
bacon) or extended spaces. Correlations between kitchen volume and our metrics
derived for frying eggs and oven cooking bacon are ewreékppendixA3). These

activities occurover longerperiods of time and are mocemplicated than toasting. It

i's conceivabl e that -lriak enGsapwedicheith toabtisge r vi n g
we might see much broadspread of particulateBom these activitieghat would

evolvein a different mannerThe particle size and composition are also likely to be

more complex given the nature of these sources.

4.4.4. Housing Structure and Layout

When windows and internal doors were clo&MIC in the kithen remained at high
levels forlonger periods of time, sincedHimited airflow restricted the dispersion of
pollutants elsewhere around the house, effectively compartmentalising the house
(Zzhang et al., 2010)However, ourresults also suggest that aglely intermittent
cooking acwities can have a significant effect on PNC elsewhere throughout the house

and that exposure to PNC from cooking activities is not necessarily confined to the
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kitchen particularly in the case of open plan layouts or whégrior doors are left open

to promote wider dispersiofNasirandColbeck, 2013).

Layouts can vary substantially between homes (Klepeis et al., 2017): some have open
plan kitchens whilst others have separate kitchens (adiColbeck, 2013)Farfield
measurements (typically upstaig)nfirm that particles emitted in the kitchen were
easily dispersed to other rooms in houses waitd withoutopen plan layoutsmost
notably when interior doors are opené&ven though PNC elsewhere in houses were
generdly lower than those in the kitchethey were still up to 100 times higher than
those monitored during periods of no cookawdjivity. Therefore, the health risk from
cooking emissions may be underestimated if human exposure is only considered in the
kitchen. This highlights themportance of more measurements to better capture spatial

distribution of pollutants indoors, to better inform IAQ models.

We find exposure to cookingienerated PNC is significant for house occupants away
from the kitchen areavenin those residences with separate kitcherrhis study
highlights how cooking can increase PNC concentrations frackground levels in
both living and upstairs roontg a house or apartmemle observed that PNC profiles
were similar in the kitchen and bther rooms when inter doors were opened, with a
TTP of approximately 10 minutéd/e see airflow as significant in this characterisation.
Airflow between rooms, driven by pressure differences, can strongly influence indoor
pollutant concentrations anthtes (Nazaroff, 2004)Few studies have explored
concentration variabilitpetween rooms and tiiactors that influence them (Nazaroff,
2004).Miller andNazaroff (2001) found that closing a door between two rooms reduced

the rate of airflow between thefrom 60 n¥/h to 1 n¥/h. With an open doorway,
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tobacco smoke particles released in one room became rapidly mixed throughout both.

We observed a similar pattern from episodic cooking.

The decay rate not only represents the effects of ventilation andedgaposition, but
alsothe combined effects of different particle removal processes due to the interaction
between the kitchen and other areas of the house (Hussein et al., 2@9&)tchen

itself is an open area to the hallway and rest of the housdeo cooking activities

occur in the kitchen and interior doors are opened, BMN@levated throughout the

house as a result of air exchange between the kitchen and whole house (Hussein et al.,
2006). We often observe faster initial decay rates, partlguighere some kitchens

were part of an open floor plan or where there is mixing throughout the rest of the living

space when interior doors are opened.

We observed that cooking emitted particles dispersed quickly from the kitchen to
upstairs, indicatinghiat potential health ingets are not limited to occupants in the
kitchen. Other researchers have also found that PNC in other regions of the house were
also affected when the living room door was opened (Wan et al., 2011; Hubuyo et al.,
2011; Hussein et 2l12006). Wan et a(2011) found UFPs increased by-fdld from
background levels in the living room and byi 20-fold in the kitchen for 60 and 90
minutes respectively. Hussein et al. (2006) found the lifetime of cooking particles in the
kitchen varied btween 46 hours with geak in the living room that was at least 30%

its value in the kitchen. Similarly, Klepeis et &017) identified a peak in particle
concentrations in the study room was 40% of that in the kitchen. Whilst exposure to
cooking emited particles elsewhera the house is much lower, this is not always the

case for every house.
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PNC measured in or near a room with an active sane@xpected to be higher than
PNC measured in a room more distant from the sottoeiever, we observedepk
concentrations thavere sometimes comparable between the-helar (kitchen) and
far-field (upstairs) locations and conclude that this is a consequence of housing layout.
We observed some interesting and conflicting results with regards to thenagfloé
housing layout ortirends in cookinggenerated pollutants through comparisons across

individual houses as we will now demonstrate with reference to Houses 1 and 2.

Generally, for most houses, lower peak concentrations and prolonged times to peak
were observed in the upstsi(farfield) location relative to the nedield (kitchen)
location. This is due to the relative distance between pollutant source and sampling
location, and hence the distance travelled by particles, given them treealispersd,
deposited or coaguked This is the case for House 2. However, we observe a different
trend for House 1 which appears to show different behaviour across most scenarios and
metrics. Surprisingly higher peak concentrations wemecordedupstairs (faifield
monitor) in House 1which were 6691 times higher than background concentrations
(average background of ~5000 particlesfiowhen measuredi 5 minutes after the start

of the toasting events nonventilated and ventilated scenari@uch rapid timeso

peak in House 1 are unwdufor an upstairs location, and this outcome was not
reproduced in any of the other houses studied. Unusually, in House 1, we also observed
higher peak concentrations under the naturally ventilated scenario (4.36°
partickes/cn?) than we did underthe nonventilated toasting scenario (3.34x 10°
particles/cm). These trends have beeansistently observed in Housé teplicated in

other experiments conducted in this hops®r to this study but the geometry is
particularto this house onlyWe wouldfurther need to repeat experiment with same

source and monitor placings to confirm or otherwefatethese observations.
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In terms of decay rates around the residence, we generally saw lower decay rates
upstairs for both redences, which could be a resyse to local ventilation operating in

the near field (kitchen) only. Natural ventilation reduced the period of exposure (TTB)
by 1 hour 10 minutes in the near field for both houses, but 2 hours 32 minutes and 1
hour 39 minutesn the far field (upstairsfor Houses 1 and 2 respectively. In the far

field, we observed significantly longer periods of decay for House 1 irrespective of
ventilation. This is attributed to enhanced peak concentsatiwimg to lower influence

of partide removal processédue tomore proximal distance to fdield monitor) with
possible influence of housing volume (smaller volunte)}he absence of ventilation,

the decay rates in the kitchen and upstairs were more similar.

House 1 House?

Particle Number Concentratigparticlécnr)

Figure 4.6: TemporalPNC trenddfor toasting activities foHouse 1 (left) and House 2 (right)
Each ventilation scenario appears on a separate plot for comparison purposes. Upper plots

illustrate non ventilaad scenarios, lower plots illustrate ventilated scenarios.
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