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Household cooking and cleaning produce numerous volatile organic compounds, which can
react with indoor oxidants, including OH and O3 to produce harmful secondary pollutants.

The resultant air pollutant formation affects indoor air quality, but less is known about its
impact on the outdoor air quality around buildings. This study shows that variation in
individual behaviour in identical houses can lead to significant differences in both indoor
concentrations and emission rates to outdoors from individual houses. However, household
cooking and cleaning activities are unlikely to be an

important source of air pollution outdoors, representing only 0.85% of total UK VOC emissions.
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Indoor sources of air pollution, such as from cooking and cleaning, play a key role in indoor gas-phase
DOL:00.0000A00000000¢ chemistry. The focus of the impact of these activities on air quality tends to be indoors, with less
attention given to the impact on air quality outside buildings. This study uses the INdoor CHEm-
ical Model in Python (INCHEM-Py) and the Advanced Dispersion Modelling System (ADMS) to
quantify the impact cooking and cleaning have on indoor and outdoor air quality for an idealised
street of houses. INCHEM-Py has been developed to determine the concentrations of 106 indoor

volatile organic compounds at the point they leave a building (defined as near-field concentrations).
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For a simulated 140 m long street with 10 equi-distant houses undertaking cooking and cleaning
activities, the maximum downwind concentration of acetaldehyde increases from a background value
of 0.1 ppb to 0.9 ppb post-cooking, whilst the maximum downwind chloroform concentrations in-
crease from 1.2 to 6.2 ppt after cleaning. Although emissions to outdoors are higher when cooking
and cleaning happen indoors, the contribution of these activities to total UK emissions of volatile
organic compounds is low (less than 1%), and comprise about a quarter of those emitted from traffic
across the UK. It is important to quantify these emissions, particularly as continued vehicle technol-
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ogy improvements lead to lower direct emissions outdoors, making indoor emissions relatively more
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-|-§ important. Understanding how indoor pollution can affect outdoor environments, will allow better
22 mitigation measures to be designed in the future that can take into account all sources of pollution
that contribute to human exposure.
1 Introduction ing particulate matter (ultrafine and fine), nitrogen oxides and

a Air polh'ltion exposure is classified as th(.a fourth most important a \g/afiety of volatile organic compounds (VE)CS) 67g12_ The inhala-

=|  global risk factor for human health -, with the World Health Or- o of particulate matter (PM) especially, has been found to affect

9 ganisation (WHO) attributing 6.7 million deaths per year to poor  oyr cardiovascular system: the risks can be accentuated through

0 outdoor and indoor air quality®. The WHO noted that household prolonged exposure 13, such as might be the case when in close
41 air pollution caused approximately 3.2 million of these annual proximity during the preparation of a meal, or for those working
42 deaths?, with most of these occurring in lower income countries. in a commercial kitchen.
43 The public are becoming more aware of the health effects of Secondary pollutants can be formed indoors mainly from the
44 air pollution, especially since the COVID-19 pandemic, which has gas-phase reaction of VOCs with indoor oxidants, including ozone
45 also increased media interest in the topic. Consequently, there (03) and hydroxyl (OH) and nitrate radicals (NO3) 1420, These
46 is heightened awareness that healthy indoor environments are secondary chemicals can be more harmful to human health than
47 important, particularly given we spend approximately 90% of our the primary species themselves21:22.
Jp e e s o e U b v it o mes g s, e
50 Household activities such as cooking and cleaning contribute to igih?eg, all with VaryTg C~h emical signarures: heating met'h B,
51 . : : : 5 : .g. gas versus electric) and food types also affect emis
= indoor air pollution. Cooking can emit primary pollutants includ- sions23-25. Cooking oils and spices have chemical fingerprints
53 which can often pinpoint what type of meal is being pre-
54 pared2°28  For example, Davies et al (2023)2° attributed
55 U Zzgﬁ;ez ;f i?;lZZﬁzizgaajisszgaiffalcfzilrersity of York, York, YO10 5NG, garlic, gin.ger and chilli. preparati.on to emissi9ns of monoter-
56 b Departmegnt of’Chemis;ry, Uni;/ersit)/ of;;rk 'Yoék Y010 5DD, United Kingdom pene species, whereas increases in concentrations of eucalyp-
57 T Electronic Supplementary Informatior; (EéI) is ava,ilable. See DOI: tol and sesquiterpenes were observed when these spices were
58 00.0000,/00000000 cooked. The same study found that alcohol mixing ratios (mostly
59
60 Journal Name, [year], [vol.], 116 |1
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methanol) exceeded 1500 ppb, alkane mixing ratios (mostly
nonane) were approximately 170 ppb and acetaldehyde mixing
ratios exceeded 70 ppb during the cooking of a chicken stir fry2°.
These experiments were conducted in a 4.3 X 2.2 X 2.3 m space
in a shipping container, where the air change rate was 0.77 h=1.

Long, straight-chain alkanes are often produced from heating
oils, including octane and nonane, which are produced from rape-
seed 0il2%. The corresponding aldehydes, octanal and nonanal,
are also frequently produced from cooking fats and oils3%:31,
These long-chained aldehydes are currently relatively understud-
ied in both indoor and outdoor air. Wernis et al (2022) 32 reported
that nonanal had a mean concentration (from hourly measure-
ments taken over the course of a month) of 150 ppt in suburban
Livermore (California, USA). Indoor cooking from a commercial
restaurant was identified as the likely source.

Cleaning is also a major contributor to indoor air pollution.
Semi-volatile organic compounds (SVOCs) and VOCs, including
aromatics, alkanes and monoterpenoids are emitted from clean-
ing products33-37 some of which are known to be detrimental
to human health3840, Chlorinated species are also produced
from cleaning, potentially increasing the risk of an asthma at-
tack*142 and other adverse health-effects4344, Calderon et al
(2022) 33 discovered that gas-phase concentrations of chloroform
were 1131% higher in indoor breathing zones than ambient in-
door concentrations when bleach cleaning products were used.
Chloroform is a suspected carcinogen and can affect the central
nervous system*>. During an occupational study, office workers
were exposed to mixing ratios of between 14 and 400 ppm of
chloroform. The health effects were reported to be jaundice, nau-
sea, vomiting and toxic hepatitis 4°~47.

One of the most prominent sources of indoor pollution is from
the outdoor environment*8:4°, Qutdoor air pollution can ingress
into indoor spaces including homes and offices via windows and
doors, but also through mechanical ventilation, which is now in-
creasingly employed in the modern construction of new build-
ings®Y. In more leaky buildings, this pollutant transport is ac-
centuated®!. However, indoor air pollutants can also move out-
doors. The impact of indoor air pollutants on outdoor air quality
has started to receive attention recently, with a number of studies
identifying enhancements of outdoor species concentrations from
emissions that had originated from indoor environments>2->4,
However, the details of how these indoor emissions impact the
outdoor ambient atmosphere remains largely unexplored. These
household emissions could have a significant impact in urban ar-
eas, particularly those with densely packed housing and at times
when many homes are emitting pollutants, for example, when
cooking.

One example of indoor activities having an impact on out-
door air quality is wood stove use, particularly when numerous
stoves are burning in a relatively small area, or in a valley dur-
ing temperature inversions. This type of situation may lead to
high local concentrations of PM, 5. For instance, PM5 5 concentra-
tions up to 48.0 +27.7 ug m~3 were recorded in a mountainous
hollow in Slovenia®®, similar to PMs 5 concentrations found in
more densely populated urban locations across Europe>>. During
wood stove use, emissions are transported to the outdoor environ-
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ment through distinct plumes with high concentration gradients,
compared to cooking and cleaning emissions which will diffuse
through indoor-outdoor exchange at various points in a building.

McDonald et al (2018) >2 found that volatile chemical products
(VCPs) used indoors, were responsible for 39-62% of measured
outdoor petrochemical VOCs, compared to only 15 to 42% from
transportation. Cleaning materials are one of the six main VCP
categories, however cooking pollutants could potentially have a
similar effect56-58 as they are released outdoors via windows
and cooking hoods. This paper aims to identify the VOCs that
are emitted when cooking and cleaning activities occur indoors,
and to evaluate the potential impact of these indicator species on
outdoor air quality. In this way, we can start to understand how
indoor activities may impact the ambient atmosphere.

2 Methods

2.1 The INCHEM-Py Model

This paper uses the indoor air chemistry model, INCHEM-Py (IN-
door CHEMical model in Python)5%60. This model has been
recently used to provide insight into oxidant surface chemistry,
VOC emissions from plastic, and domestic cooking activities in-
doors29:61,62  INCHEM-Py is a zero-dimensional chemical box
model which provides predicted concentrations of indoor gas-
phase species over time, assuming a single well-mixed spatial en-
vironment.

INCHEM-Py adopts the near-explicit Master Chemical Mecha-
nism (MCM) v3.3.1%3, which describes the tropospheric degra-
dation of 143 VOCs, incorporating approximately 20,000 reac-
tions and 6,000 gas-phase species®* . VOC degradation is ini-
tiated by the reaction with an oxidant 70-72 or (in some cases)
through photolysis, forming intermediate species until carbon
dioxide (CO,) and water (H,0) are formed 4.

INCHEM-Py calculates indoor photolysis rates by adding the
contribution from attenuated sunlight through windows, to that
from indoor artificial lighting %73, Gas-to-particle partitioning is
present in INCHEM-Py 7475 but only for o-pinene, B-pinene and
limonene.

INCHEM-Py solves a system of ordinary differential equations
(ODESs) to calculate the rate of change of indoor concentration
over time (molecule cm~3 s~1) in the form:

% =Y Rij+ (A4Ciou — MCi) — vy, (é) Ci+k (@)

where C; is the indoor concentration of gas-phase species i
(molecule cm™3). YR;;, represents the sum of the reaction rates
between species i and species j, A, is the air change rate (ACR) in
air changes per hour (hr™1), Ciout is the outdoor concentration
of gas-phase species i (molecule cm™3). vq, is the surface depo-
sition velocity for species i (cm s™1), A is the surface area (cm?),
and V is the volume (cm?3). The final term (k;) refers to internal
emissions, where k; denotes the emission rate of species i at time
t (molecule cm ™3 s™1). The model is described in detail in Shaw
et al (2023) 0.

A new development to INCHEM-Py (v1.299) is the addition of
primary emissions from common indoor materials. Wood and
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paint are commonly found in homes, and are known to emit
indoor air pollutants, primarily short and long-chained aldehy-
des76-86, New furniture often produces higher emissions of these
species, which tend to decrease as it ages’%7?. Published emis-
sion rates from wood and paint for formaldehyde, acetaldehyde,
propanal, butanal, pentanal, hexanal, heptanal, octanal, nonanal
and decanal’%79:81 have been averaged and added into the
model informed by the surface-area to volume ratio of wooden
and painted materials in a typical kitchen2:61:87 and are pro-
vided in Table S1. These aldehyde emission rates are assumed to
remain constant throughout the simulation. Surface-specific oxi-
dant deposition initiated emissions are also present in the model
for ozone and hydrogen peroxide, as outlined in Carter et al
(2023) 61 and Shaw et al (2023)°°. The model does not consider
resuspension from surfaces.

2.2 Near-Field Concentration Development

For this work, we have added a near-field gas-phase concentra-
tion, (Cjn) (molecule cm—3), for 106 VOCs and methane (Ta-
ble S2) to INCHEM-Py, which represents the concentration of a
species, i, as it moves from indoors to outdoors. This enables the
concentration of an indoor air pollutant to be tracked as it leaves
a building. C; ¢ is determined by the balance between formation
and loss mechanisms, as shown in Equation 2. The formation of
the near-field species is effectively determined by the exit rate of
a species from indoors, the product of its indoor concentration
(Cp), and the air change rate (4,). The loss rate is dependent on
both chemical and physical losses. Chemical losses happen via
photolysis and also by reactions with the hydroxyl radical (OH)
and ozone (O3), whilst we assume physical loss is driven by the
rates of dispersion (kyjs,) and outdoor deposition (d; our)-

dci,n f
dt

The chemical loss rate for the near-field species as they move
outdoors is calculated off-line, based on the rate coefficients in
the MCM %4 and assuming realistic outdoor concentrations of the
oxidants®9. For loss via photolysis once the species pass outdoors,
the outdoor photolysis rates are calculated in INCHEM-Py, but
without applying an attenuation factor as we would to calculate
indoor photolysis rates. Note that we are only interested in the
near-field concentration changes, not the impact on outdoor air
pollutant concentrations.

The dilution rate due to dispersion was calculated using the Ad-
vanced Dispersion Modelling System (ADMS)88. ADMS is used
to simulate the dispersion of air pollutant emissions from sources
such as roads, chimney stacks and buildings8®. The ADMS simu-
lation assumed a typical house-sized building (10m x 10m x 5m,
represented as a volume source) and used meteorological con-
ditions based on hourly data from London Heathrow in 2019.
ADMS predicts the concentration of an air pollutant as a function
of distance from the building, hence providing a rate of disper-
sion®8. In this case, the unit emission of a non-reactive tracer was
used, which provides the basis of dispersion for the other VOCs in
the model. The fall-off in concentration was calculated from the
eastern edge of the building extending in a west-east direction out

= AfrCi - kchemci.nf - kdispci,nf - di,our (2)

View Article Online
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to 200 m from the building facade i.e. approximately downwind
of the prevailing wind direction (see Table S3 and Equation S1 in
the Supplementary Information).

Physical loss owing to irreversible deposition is driven by the
outdoor surface deposition velocities calculated for an average
urban surface as described in Carslaw et al (2007)°° and assum-
ing a constant boundary layer height (BLH) of 1000 m. The out-
door surface deposition velocities vary by species and the non-
oxygenated VOCs are assumed not to undergo deposition®®. The
boundary layer height is assumed to be constant in our simu-
lations and used only for the calculation of outdoor deposition
rates. Emission from the houses is the major controlling factor
for the near-field concentrations under our simulated conditions.

2.3 Cooking & Cleaning Emission Rates

For typical cooking and cleaning emissions, the model has been
informed by the HOMEChem (The House Observations of Micro-
bial and Environmental Chemistry) experimental field campaign
performed in the University of Texas at Austin test-house facil-
ity in June 201871, The campaign focused on the impacts that
human activities had on chemical transformations in the indoor
environment, including the quantification of indoor air pollutant
concentrations following various cooking®%3, cleaning”39495,
ventilation and human occupancy experiments 23:96:97,

For this work, we focused on the 25th June, which was con-
sidered a ‘layered day’. A layered day attempts to replicate a
standard day in the home, with three cooked meals and a soli-
tary cleaning experiment®!. During these experiments, the VOCs
were measured using PTR-TOF-MS 899 and Iodide-CIMS 190 in-
struments. The emission rates for the detected VOCs emitted from
the separate cooking and cleaning events were implemented into
INCHEM-Py as timed emissions (Equation 1) as provided in Table
S4. These emission rates were back-calculated from concentra-
tion measurements.

2.4 Model Simulations and Assumptions
2.4.1 Layered Day Analysis Simulation

The model was parameterised to replicate a house situated in sub-
urban London (latitude of 51.45 °N) in the United Kingdom. The
temperature, relative humidity and air change rate of the prop-
erty was assumed to be 19.9 °C, 53.8 %101 and 0.5 hr=1102 a5
outlined in Carter et al (2023)%1. The date of the simulation was
the 21st June 2023, a photochemically active day. The date and
latitude used in the model determine the solar zenith angle used
to calculate outdoor photolysis rates, which are then attenuated
depending on glass type to calculate indoor photolysis rates©%73,

The window panel was assumed to consist of glass with a trans-
mission range of between 315 to 800 nm (Glass C in Blocquet et al
(2018) 193). The outdoor concentrations for Os, nitric oxide (NO)
and nitrogen dioxide (NO,) are based on measurements made
at a monitoring station (GB0586A, suburban London, 0.070766
51.45258") in suburban London!%4, and follow a diurnal profile
in the model. The OH outdoor mixing ratios are also diurnal
and have an average concentration of 1.5 x 10° molecules cm™3
over a 24-hour period. Outdoor OH has negligible impact on in-

Journal Name, [year], [vol.], 1_16 |3
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door concentrations due to the short lifetime of the OH radical.
Full diurnal profiles of these species are described in Shaw et al
(2023)90. Diurnal profiles for outdoor O3, NO and NO, are also
given in Figure 2. The outdoor VOC concentrations are set as de-
scribed in Shaw et al (2023)®° and the outdoor concentration of
carbon monoxide is assumed to be 195 ppb 1%4. The outdoor VOC
concentrations are averages based on available literature and are
given in Table S5.

Based on the HOMEChem emission rates (Table S4), we have
simulated a standard day spent in the home. A full-English break-
fast (fried sausages, eggs and tomatoes) is cooked at 7:30am (till
7:46am), a vegetable stir-fry lunch at 12 noon (till 12:29pm) and
a chili con carne dinner at 6pm (till 7:02pm). A chlorine-based
cleaning activity occurred after lunch at 2:00pm (till 2:13pm).
It should be noted that a pilot light on the stove emitted high
levels of propane during the cooking periods in the HOMEChem
study?!, from a possible fuel leak. Table S6 details the average
percentage change of key indoor species during a day if propane
emissions were omitted from the study. We found that OH
and HO,, radical concentrations decrease (—5 and —21% respec-
tively), whereas RO, concentrations increase (52%) if propane is
omitted.

The simulations take place in a kitchen, with a total surface
area of 63.3 m? and an internal volume of 25.0 m3. The over-
all surface area to volume ratio (SA/V) in the kitchen is 2.53
m~! based on the measurements from Manuja et al (2019)87
and calculations from Carter et al (2023)°1.
to volume ratios for soft fabric, paint, skin, wood, metal, con-
crete, paper, plastic and glass are defined in Carter et al (2023) 61
for the simulated kitchen. It is assumed that one adult (2 m? of
skin) is present in the kitchen. We have included emission rates
from breath according to Kruza et al (2019) 195 and Weschler et
al (2007) 106,

The surface area

2.4.2 Ten-House Analysis Simulations

The ten-house houses analysis assumes ten houses, 5 m apart,
to replicate a typical detached row of houses. These ten houses
were randomly assigned different air change rates, inhabitants
and cooking and cleaning times. The street length was 140 m
and each house was assumed to be 10m x 10m x 5m. A ten-house
ensemble provides a reasonable representation of the variation
in day-to-day lifestyles and routines, providing an opportunity
to vary air exchange rates, surfaces, meal times and occupancy
to cover a range of scenarios balanced against model complexity
and runtime. The conditions and input parameters for each house
are described in Table 1. The temperature, relative humidity, lat-
itude, date, surface-specific surface area-to-volume ratios (except
for human surfaces) 87 and glass type are the same as for the lay-
ered day simulation (described in Section 2.4.1). The air change
rate distributions are based on Nazaroff (2021)192. Where in-
door artificial lighting is present (lights on), LED lighting was
used”3. A wind speed of 2 ms~! along the street is assumed,
with the pollution emitted from the centre of each house. The
wind is assumed to blow along the length of the row of houses,
as demonstrated by the schematic in Figure 1.

4| Journal Name, [year], [vol], 116
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Wind Direction

Fig. 1 A schematic of the ten-house analysis replicating a typical row
of detached houses in the UK. The airflow is assumed to be along the
length of the street.

3 Results & Discussion

3.1 Simulated Indoor Air Pollutant Concentrations follow-
ing Cooking & Cleaning
The diurnal profiles of key indoor species (OH, Oz, NO, NO,,
HO,, RO, and CH3CHO) following cooking and cleaning are
shown in Figure 2. Cooking had a minimal effect on the OH con-
centration. The indoor OH concentration an hour before cleaning
(1:00pm) was 2.8 x 10° molecule cm~3. During the cleaning
event however, OH reached a maximum concentration of 3.4 x
10° molecule ecm™3 at 2:01pm, caused by photolytic degradation
of hypochlorous acid (HOCI), producing both OH and chlorine
radicals via homolytic cleavage, shown in (3)1%7. One minute
after cleaning had ended (2:14 pm), the indoor concentration of

the OH radical was 6.8 x 105 molecule cm 3.

HOCI+hy 222900 o 4 ¢ 3)

Figure S1 gives an expanded view of the concentrations during
the cleaning event. Cleaning caused a ~1200% increase in OH
radical concentrations. OH then quickly returns to a background
level, through consumption by indoor VOCs.

Acetaldehyde concentrations were enhanced by approximately
1.02, 1.1 and 1.3 times during breakfast, lunch and dinner re-
spectively, where the maximum acetaldehyde mixing ratios dur-
ing these periods were 9.5, 10.4 and 12.1 ppb respectively, driven
primarily by emissions from hot cooking oils. The background
value was 9.3 ppb. Our cooking simulations didn’t reach the ac-
etaldehyde levels of 70 ppb witnessed by Davies et al (2023)2°
during a chicken stir-fry, indicating possible emission of acetalde-
hyde from the cooking of chicken. Acetaldehyde reaches a max-
imum mixing ratio of 13.9 ppb during the cleaning event, which
is an enhancement of 1.5 times from the background value.

O3 acts as a strong oxidant in the indoor environment, react-
ing with unsaturated VOCs produced by cooking and cleaning via
ozonolysis reactions. The indoor diurnal profile of O3 is also dic-
tated by ingress from outdoors. During cleaning, the ozone mix-
ing ratio increased by 45% and reached a maximum mixing ratio
of 4.9 ppb at 2:30pm.

At 9:10am, NO and NOy increase to 4.4 ppb and 1.1 ppb re-
spectively (from 1.2 ppb and 0.7 ppb at 6am). These early morn-
ing peaks are caused by cooking but also from increased NOx con-
centrations outdoors during rush-hour, creating an accumulation
of NOy indoors. Cleaning causes a change in the form of NOx,
where during the first two minutes, NO decreases (by 94%), as
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Table 1 The simulation conditions for the ten-house analysis.
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Parameter House 1 House 2 House 3 House 4 House 5
ACR (hr=1) 0.5 0.2 2.0 1.5 0.2

Lights On 7am 7am 7am 7am No Lights
Lights Off 7pm 7pm 7pm 7pm No Lights
AV (cm™1) 0.0269 0.0253 0.0253 0.0253 0.0245
Human AV (cm™1) 0.0024 0.0008 0.0008 0.0008 0

Adults 2 1 1 1 0

Children 2 0 0 0 0

Breakfast (Time of Day) 7:30-7:46 No 7:30-7:46 7:30-7:46 No

Lunch (Time of Day) 12:00-12:29 12:00-12:29 No 12:00-12:29 No

Dinner (Time of Day) 18:00-19:02 18:00-19:02 18:00-19:02 No No
Cleaning (Time of Day) 14:00-14:13 14:00-14:13 14:00-14:13 14:00-14:13 No
Parameter House 6 House 7 House 8 House 9 House 10
ACR (hr™1) 0.5 1.2 0.7 0.5 1.0

Lights On 7am 7am 7am 7am 7am

Lights Off 7pm 7pm 7pm 7pm 7pm

AV (cm™1) 0.0253 0.0253 0.0269 0.0257 0.0245
Human AV (cm™1) 0.0008 0.0008 0.0024 0.0012 0.0008
Adults 1 1 2 1 1

Children 0 0 2 1 0

Breakfast (Time of Day) 7:30-7:46 9:30-9:46 7:30-7:46 7:30-7:46 7:30-7:46
Lunch (Time of Day) 12:00-12:29 14:00-14:29 12:00-12:29 12:00-12:29 12:00-12:29
Dinner (Time of Day) 18:00-19:02 18:00-19:02 20:00-21:02 18:00-19:02 18:00-19:02
Cleaning 1 (Time of Day) 8:00-8:13 15:00-15:13 14:00-14:13 14:00-14:13 No
Cleaning 2 (Time of Day) 14:00-14:13 - - - -

Cleaning 3 (Time of Day) 20:00-20:13 - - -

NO; concentration increases (by 120%). This change is partially

caused by enhanced concentrations of HO, available to react with OH+VOC+ 0y — RO, +H,O0 (10

NO, to form OH and NO, (4). Peroxy radical (RO,) concentra-
tions are also enhanced, reacting with NO to form alkoxy radicals
(RO) and NOg, (5), the latter of which is then photolysed to make
O3 (6 and 7). Since NO readily depletes O3, the reduced levels of
NO allows O3 to accumulate.

HO>+NO — OH+NO, 4
ROy +NO — RO+NO, (5)
NO, +hy 2242000, No 4o 6)
0+ 0, — 03 ()

HO, and RO, significantly increase with chlorine-based clean-
ing; HO, increased from a background mixing ratio of 2.3 ppt
to 61.4 ppt over one minute, with RO, increasing from a back-
ground mixing ratio of 3.2 ppt to 2548 ppt over 12 minutes. The
sudden rise in HOy stems from the alkoxy radicals (RO) react-
ing with oxygen (O3), through a hydrogen-migration reaction to
form a carbonyl (RCHO) and HO,, (8) 108,109,

RO+0y — RCHO+HO, €)

HO, is also produced from the reaction of OH with formalde-
hyde (9). The increase in RO> is due to the reaction of VOCs with
OH (10).

HCHO+OH — CO+HO, )

6| Journal Name, [year], [vol.], 1_1¢

The chlorine-based cleaning has a much greater effect on the
indoor species in Figure 2 compared to cooking under our sim-
ulated conditions, owing to the high concentrations of OH, HO,
and RO, produced from the resultant chlorine chemistry, which
continued to drive indoor gas-phase reactions post-cleaning. The
high OH concentrations resulted in further reactions with VOCs to
form HO4 and RO, for some time after cleaning had ceased. HO,
and RO, did not return to baseline levels until approximately 3.5
and 5 hours respectively after the cleaning had finished.

3.2 Temporal Variability of Indoor Concentrations

Indoor air pollutant concentrations vary depending on a range
of factors, such as time of day, location, and indoor activities.
This section considers ten different houses with varying lifestyle
routines (as described in Section 2.4.2). The range of concen-
trations from these ten houses at different points during the day
are shown in Figure 3, to better understand how concentrations
might vary indoors according to different routines and conditions.

The OH concentrations are lowest during nighttime and the
evening. OH and NO are highest during daytime, indicating a
role for photochemistry. For instance, NO and OH can be formed
via the photolysis of HONO (11).

300 nm < A < 400 nm

HONO + hv NO+OH (1D

The median OH concentration for the full day (24-hour aver-
age) is 2.0 x 10° molecule cm~3. However, House 3 is an outlier,
with an all day concentration of more than double at 4.9 x 10°
molecule cm™3. It is assumed that the House 3 occupants do not
cook lunch, and there is a relatively high air change rate (2 hr™1).
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RO, and chlorine radical concentrations are highest in the af-
ternoon, since this is when cleaning occurs in our simulations. Av-
erage afternoon chlorine radical concentration in House 3 reaches
6.5 x 10° molecule cm ™3, which is higher than House 6 who clean
three times a day, indicating that the high air change rate from
House 3 plays an important factor in the high Cl and OH concen-
trations.

Formaldehyde shows little diurnal variation. House 5 has the
highest average formaldehyde mixing ratio over the course of a
day (7.6 ppb), but in the absence of cooking or cleaning since
this house is presumed empty. However, it is also assumed to
have a low air change rate (0.2 hr™1), allowing emissions from
building materials to accumulate. House 3 has the lowest average
formaldehyde mixing ratio over the course of a day (5.9 ppb), as
it is lost outdoors owing to a relatively high air change rate.

HO, mixing ratios are highest during the day, with a median
value of 2.7 ppt. Outliers which are lower than the median result
are for House 10 (1.5 ppt) and House 5 (1.1 ppt). There is no
cleaning in House 5 as it is empty. There is no cleaning in House
10, but the occupants still cook breakfast, lunch and dinnertime
meals. House 6 has the highest all day concentration of 4.4 ppt,
due to three cleaning sessions post cooking.

The main precursor for organic nitrate (RNOs) formation is
primarily from reaction of OH with VOCs to form RO radicals,
which then react with NO to form organic nitrates (RNO3) (11b).
This route however, is the minor pathway (< 20%), with forma-
tion of an alkoxy radical (RO) more likely (> 80%) (11a).

RO, +NO =%, RO+ NO, (12a)
RO, +NO =2°%, RN O, (12b)

Organic nitrates can also form from the reaction of chlorine
radicals with alkanes and the subsequent reaction of RO, with
NO, following the same reaction scheme as outlined above in 11a
and 11b.

Total organic nitrate (NO3) levels are highest during the day, as
they are primarily formed by the chlorine cleaning. House 6 has
a higher mixing ratio compared to the other houses (0.2 ppb),
where cleaning happens after every meal, resulting in elevated
total organic nitrate levels during and shortly after these cleaning
periods. Since cleaning generally occurs during daylight hours,
total organic nitrate mixing ratios are higher during the day (0.1
ppb) than they are at nighttime (0.01 ppb).

Peroxyacetylnitrate (PAN) is formed by the reaction of the
acetylperoxy radical (CH3CO3) with NOgy (13). Acetyl peroxy
radicals are formed via photochemical degradation of aldehyde
species, with each acetyl perxoy radical forming a distinct PAN
species, which we then sum to find the total PAN concentration.

CH;CO3+NO, — CH3C(O)OONO, (13)

Total PANs follow a similar trend to total organic nitrate con-
centrations, where the median mixing ratio during the day is 0.3
ppb compared to 0.1 ppb at night. House 6 has the highest total

8| Journal Name, [year], [vol.], 1_1¢
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PANs mixing ratio during the daytime (0.8 ppb) due to the ex-
tra cleaning that takes place in this house. Davies et al (2023)%?
reported total PANs and total organic nitrate mixing ratios of ap-
proximately 50 and 60 ppt respectively during a simulated stir fry
activity. Harding-Smith et al (2024)3%7, reported the total PANs
mixing ratio from a scented surface cleaning product was, on av-
erage, 25 ppt over 3 hours. Total PAN concentrations increased
as a result of any cleaning activity, whilst, total organic nitrate
concentrations varied depending on which cleaning product was
used.

Acetaldehyde mixing ratios stay fairly constant throughout the
day, and show little fluctuation. There are no outliers for acetalde-
hyde, indicating this VOC does not reach unusually high mixing
ratios. Average acetaldehyde levels in the evening reach 12.1 ppb
in House 2, which is the highest of the chosen time periods. Ace-
tone follows a similar trend to acetaldehyde, where there is little
diurnal variation. However, the range of acetone mixing ratios
is higher than for acetaldehyde. For example, acetone levels in
the afternoon in House 4 reach 11.4 ppb, but are only 0.8 ppb in
House 5. Propane levels are highest in the afternoon, predomi-
nantly from lunchtime cooking, where the mixing ratio in House
2 reaches a maximum of 125 ppb in the afternoon. Chloroform
mixing ratios are dictated by cleaning activities. House 5 has the
lowest average all-day chloroform mixing ratio (due the lack of
cleaning in this house) at 30.7 ppt. This increases to 53.5 ppt in
House 6, which has three cleaning events over the course of that
day.

3.3 How Indoor Sources Contribute to Outdoor Air Pollution

Figure 4 shows the enhancement of emission rates from indoors
to outdoors of a selection of VOCs during cooking (the three
meals are averaged to one emission rate) and cleaning, over
background conditions (with no cooking and cleaning activities).
These emission rates are taken from the one house layered day
simulation (Section 2.4.1), with the cooking and cleaning con-
sidered in separate model runs. This separation was enforced to
identify which VOCs were associated with the different activities.
When cooking and cleaning activities are simulated in the same
model day, there is some crossover between the two activities.

The increase in emission rate of propane is the highest relative
to the other VOCs, and it was highest during the cooking (ap-
proximately 56.3 mg hr~1). Isobutane showed a similar pattern
and is another good indicator for cooking with gas. Relatively
high increases in emission rates follow cleaning for acetone (0.6
mg hr™1), ethyne (2.3 mg hr™1), and chloroform (0.1 mg hr™1).
The emission rate of propene is also enhanced following clean-
ing (0.4 mg hr™1), but there is a larger enhancement following
cooking (1.2 mg hr™1). Some of the VOCs, such as acetone and
acetaldehyde are emitted outdoors from cooking, cleaning and
background activities. Therefore, emission rates from the differ-
ent species, or the ratio of these, can be used to understand indoor
activities.

In an urban environment, there are often densely-packed
houses. These houses all have the potential to emit pollutants,
primarily from cooking and cleaning activities, which can poten-
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Fig. 4 The enhancement in emission rates from indoors to outdoors over background values for a variety of VOCs (mg hr—1) during cooking and
cleaning, from the house described in Section 2.4.1. The background emission rates are shown for comparison, and comprise of emissions from building

and furnishing materials and from people.

tially affect other homes in the nearby vicinity depending on con-
ditions. Figure 5 shows the simulated maximum downwind con-
centrations of 4 VOCs (acetaldehyde, propane, chloroform and
acetone), at different times of the day along the idealised ten
house street (as described in Section 2.4.2). Average near-field
background mixing ratios without cooking or cleaning for ac-
etaldehyde, propane, chloroform and acetone were 0.1 ppb, 0.02
ppb, 0.4 ppt and 0.4 ppb respectively.

Acetaldehyde has the highest maximum downwind concentra-
tion at 7pm, from the chilli con carne cooking, whereas propane
is highest at 8am due to stove use for the full-English breakfast
cooking. Chloroform and acetone are highest at 3pm, as a result
of cleaning. Along the 140 m street, the maximum downwind
acetaldehyde concentration increases by 629, 592 and 618 % at
8am, 3pm and 7pm respectively between the first and last houses.
The highest increase in near-field acetaldehyde concentration oc-
curs at 7pm from House 3 (increase of 0.4 ppb), which is assumed
to have a higher air change rate in the simulations. House 10 also
has a notable increase in near-field concentration (0.3 ppb) at
7pm: the occupants of this house cook all three meals but do
not clean, therefore cooking without cleaning leads to higher ac-
etaldehyde concentrations.

The maximum downwind propane concentration increases by
488, 619 and 417% at 8am, 3pm and 7pm respectively between
the first and last houses in the street. The highest increase (3.4
ppb) in near-field propane concentration occurs at 8am from
House 3, again due to the higher air change rate. House 7 also
provides a notable increase in near-field propane concentration
(3.3 ppb) at 3pm, owing to a later lunch (at 2pm).

The maximum downwind chloroform concentration increases
by 754, 422, 644 % at 8am, 3pm and 7pm respectively, primar-
ily from the chlorine cleaning. The highest increase in near-field
chloroform concentration occurs at 3pm from House 3 (increase
of 2.4 ppt). There are smaller increases in near-field chloroform
at 8am and 7pm as cleaning occurs mostly in the afternoon in the
ten-house analysis. House 8 also has a notable increase in near-

field chloroform (1.5 ppt) at 3pm. House 8 is cleaned at the same
time as most other houses (2pm), but dinner is not prepared until
8pm. This indicates that there is a smaller increase in near-field
chloroform when food, in this case a chilli con carne, is being
cooked and prepared.

Finally, the maximum downwind acetone concentration in-
creases by 334, 311, 338% at 8am, 3pm and 7pm respectively,
with a smaller variation over time than for the other species.
The lower variation is due to a constant source of indoor ace-
tone from the occupants (skin and breath). The highest increase
in near-field acetone concentration occurs at 3pm from House 3
(increase of 1.4 ppb), owing to a higher air change rate. House
5 shows little increase in near-field acetone concentration during
the day (0.02 - 0.03 ppb) as it is empty.

A comparative analysis simulated a more densely-packed
street, where houses are terraced with no gap between them. This
analysis uses the same ten-house conditions as described in Sec-
tion 2.4.2, but the length of the street was assumed to be 100 m.
The increase in maximum downwind acetaldehyde concentration
from House 1 to House 10 at 8am was 648% which is slightly
higher than the 629% increase in the detached house street. The
percentage increase in maximum downwind concentration of ace-
tone at 7pm on the terraced street was 351%. The percentage
increase of maximum downwind propane and chloroform across
the terraced street was highest at 3pm and 8am (639 and 776%
respectively). The overall increase over the ten houses for the
detached and the terraced streets at 8am, 3pm and 7pm for max-
imum downwind acetaldehyde, propane, chloroform and acetone
are given in Table 2.

This indicates that due to the closer proximity of the houses,
there is a higher maximum downwind concentration of the emit-
ted VOCs for terraced housing than detached housing, however
this increase is minimal. House 3 was the biggest emitter of VOCs
due to its higher ventilation rate, whereas House 5 was the lowest
emitter both due its lower ventilation rate but also because it was
unoccupied. Alternative arrangements of our houses, or different
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Fig. 5 The cumulative near-field concentrations of acetaldehyde (ppb), propane (ppb), chloroform (ppt) and acetone (ppb) along a street of ten
houses at 8am, 3pm and 7pm. The concentration at the 10th house is the maximum downwind concentration.

Table 2 The maximum downwind concentration increases of acetalde-
hyde (ppb), propane (ppb), chloroform (ppt) and acetone (ppb) on a
detached (D) (140 m) and terraced (T) street (100 m) from the ten-
house analysis.

Time of Day  Acetaldehyde Propane Chloroform  Acetone
8am (D) 0.7 6.7 3.0 2.9
3pm (D) 0.8 3.3 5.0 3.8
7pm (D) 0.9 0.4 3.2 3.0
8am (T) 0.8 6.9 3.0 3.0
3pm (T) 0.8 3.4 5.2 3.9
7pm (T) 0.9 0.4 3.3 3.1

activities within them, will lead to different levels of air pollution.

3.4 The Contribution of Cooking and Cleaning Activities to
Overall UK VOC Emissions

VOC emissions from households and their relative contribution to
the total VOC emissions produced annually in the United King-
dom have not been studied in great detail, compared to the
impact from large-scale industrial processes. The UK National
Atmospheric Emissions Inventory (NAEI) categorises industrial
processes, transport and agricultural emissions of non-methane
volatile organic compounds (NMVOCs) 110, In the UK in 2021,
0.78 million tonnes of NMVOCs were emitted in total, primar-
ily from solvent use, industrial processes and transport. Domes-
tic solvent use and food and drink manufacture contributed 0.19
(24%) and 0.12 (15%) million tonnes of NMVOCs to the total
respectively 111,

From our layered day simulation (as described in Section

10 Journal Name, [year], [vol.], 1_1¢

2.4.1), the total emission rates of NMVOCs from one house fol-
lowing cooking and cleaning activities are 0.56 and 0.13 grams
per day respectively. This equates to approximately 205 and 47
grams per year emitted from one house as a result of cooking
and cleaning activities respectively (calculation detailed in Equa-
tion S2). The cooking emission derives partially from combustion
of the gas and partially from the food itself. We assume that the
ethane and propane emissions account for the former and the rest
of the emissions are from the food (the contribution of propane
and ethane to emissions from cooking was approximately 9% for
our conditions). Therefore, out of the 204.7 g/year from cook-
ing, we assume that 19.2 g are from burning the gas and 185.5
g are from cooking the food. Note that we are ignoring back-
ground emissions of ethane and propane from the pilot light and
just focusing on cooking activities.

According to the Office for National Statistics, there are 26.4
million houses in the UK112. Therefore, the propane and ethane
emissions would equate to 508 tonnes per year from burning gas
for cooking (469 and 39 tonnes per year respectively). Accord-
ing to the Air Quality Expert Group in the UK!!3, 4.01 ktonnes of
propane was emitted indoors from residential buildings in 2019.
The estimated propane emissions from cooking with gas in our
study, are around 13% of the total propane estimated to be emit-
ted from homes in the UK.

Approximately 61.5% of these homes use gas hobs whereas
the other 38.5% use electric!14. We can therefore predict that
61.5% of homes emit 204.7 g/year (3323 tonnes/yr) and the
other 38.5% emit 185.8 g/yr (2080 tonnes/year), giving a to-
tal annual emission of 5403 tonnes of NMVOCs emitted outdoors
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from cooking in UK homes. Similarly, 1229 tonnes are emitted
outdoors from cleaning in homes in the UK each year. Based
on these assumptions and for the species we have studied, cook-
ing constitutes approximately 0.69% of the total yearly NMVOCs
emitted in the UK and cleaning approximately 0.16%. Note that,
UK inventory emissions are significantly impacted by sources out-
side of urban areas, so our values likely underplay the impacts of
cooking and cleaning where most of these activities occur.

We can also put these estimated emission rates into context
with other sectors. In 2021, road transport in the UK released
23,000 tonnes of NMVOCs!!!. Our household emissions from
cooking and cleaning equate to approximately 29% of those re-
leased from traffic. Given that vehicle emissions are likely to con-
tinue to decline, e.g. as the vehicle fleet is electrified, household
emissions will become proportionally more important in the fu-
ture.

3.5 Limitations of the Study

Although this study aims to understand how indoor sources affect
outdoor air pollution, there are some limitations in our methods.
The model doesn’t account for buoyancy of species once they are
released outdoors, especially those emitted from cooking. This
should be negligible (even for wood stoves which are much hot-
ter) because the mass of air involved is low. The model also as-
sumes outdoor concentrations of VOCs remain constant, whereas
the indoor emissions will enhance them in reality, which will feed-
back as these pollutants enter other houses. The outdoor VOCs
are compiled from a literature search of comprehensive studies
performed worldwide, though relatively few exist®®. Depending
on the outdoor VOC concentrations at a location of interest, our
findings may have larger or smaller local impacts. The model also
uses a one-dimensional airflow scheme, so pollution only travels
in one direction along the street. Cooking and cleaning emissions
will vary between homes, depending on the meal which is be-
ing prepared, the cooking process and fuel used and the type of
cleaning product. HOMEChem is still one of the most detailed
indoor studies to date, but the cooking emission rates compare
reasonably well with more recent, smaller-scale UK studies2°. In
the future, indoor emissions inventories would permit a more de-
tailed exploration of the range of likely emissions indoors from
cooking and cleaning activities. Finally, the propane emissions
in the HOMEChem study were high owing to emissions from the
pilot light®!. Our results are more representative of gas cooking
than electric or induction.

4 Conclusions

The aim of this study was to provide a deeper understanding
of how cooking and cleaning contribute to indoor air pollution
and the subsequent influence they have on the surrounding ur-
ban environment. The INCHEM-Py model has demonstrated the
impact that both cooking and cleaning have on secondary indoor
chemistry. Chlorine cleaning was much more important for radi-
cal chemistry than cooking. The concentrations of OH, HO, and
RO, all increased markedly upon the initiation of cleaning.

We identified some VOCs associated with indoor cooking and

View Article Online
DOI: 10.1039/D3EM00512G

cleaning, based on data from the HOMEChem study. Propane and
isobutane were good indicators for cooking, and chloroform was
a good indicator for bleach cleaning activities. For a row of de-
tached houses, the emissions from each house depend crucially on
the activities within those houses and physical parameters such as
the air change rate. Emissions can also change depending on the
order of activities. For instance, cleaning after cooking suppresses
the emission of acetaldehyde.

Our estimated total VOCs from cooking and cleaning indoors
is a small proportion of total UK emissions, but that does not
mean the impact is negligible because of direct indoor exposures.
Even in close proximity to a house(s), near-field VOC concen-
trations tend to be generally lower than outdoor concentrations,
although there is uncertainty in outdoor concentrations of many
VOC species. There are generally only limited spatial and tem-
poral measurements of VOCs available. More representative out-
door VOC concentrations would be highly beneficial to better un-
derstand the impact of emissions from indoors.
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