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Abstract. Indoor particle sources have been recognized as major contributors to aerosol particle exposure posing a health
risk particularly to people spending much of their time indoors. Previously, most of the studies examining indoor particle
sources have been focusing on active periods of the sources instead of the decay phase of the emitted particle concentration.
This gives motivation for this study to investigate the decay of particle lung-deposited surface area (LDSA) concentrations
following indoor particle emissions, with a focus on cooking activities. Two decay functions were derived to describe these
processes. The first function considers ventilation, particle deposition onto surfaces and a stable background particle source,
whereas the second function also includes coagulation. These functions were validated using measurements that covered four
dwellings equipped with mechanical ventilation systems. Both decay functions accurately fit the measured data, with the
more comprehensive function, including coagulation, consistently achieving lower fitting errors, particularly at high LDSA
concentrations. Using urban air quality data of LDSA concentrations from the city of Tampere, the decay functions were
further applied to estimate the contribution of cooking to the daily LDSA dose. The cooking-related fraction of exposure
varied widely, from 17.2 % to 93.9 %, reflecting the influence of cooking styles and ventilation systems. Crucially, from
66.5 to 80.3 % of the cooking-related LDSA dose, using the simpler decay function, and from 72.9 to 82.9 %, using the
coagulation-inclusive function, occurred during the decay phase after active cooking. The findings highlight the importance
of considering the post-cooking decay phase in total exposure assessments and demonstrate the utility of these functions for
interpolating or extrapolating LDSA data. The decay functions derived in this study can be applied to describe other indoor
particle sources, distinguish emissions of successive indoor emission events and investigate factors affecting the decay process,

such as ventilation.

1 Introduction

Exposure to aerosol particles can cause various negative health effects, such as cardiovascular diseases, diabetes, chronic respi-
ratory diseases, and premature mortality (Kim et al., 2015; WHO, 2021). Especially fine particulate matter (PM; 5), consisting
of particles smaller than 2.5 um, has been strongly linked to the negative health effects of aerosol particles (Liu et al., 2017;
Chen and Hoek, 2020). Globally PM; 5 is estimated to cause 4.2 (Cohen et al., 2017), 8.9 (Burnett et al., 2018), or 10.2 million

(Vohra et al., 2021) premature deaths annually. To prevent the negative health effects, particle concentrations are currently reg-
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ulated by guidelines (WHO, 2021) and legislation (EU, 2008; EPA, 2013). For instance, in the European Union, the reduction
of PM, 5 concentration achieved by legislation and technology measures between 1970 and 2010 is estimated to have resulted
in an annual financial benefit of 232 billion US dollars (Turnock et al., 2016).

However, the regulations and monitoring of particle concentrations mainly focus on outdoor air quality, although people
living in developed countries spend approximately from 80 to 95 percent of their time indoors (Hussein et al., 2012; Yoon
et al., 2022; EPA , 2011). Scungio et al. (2020) have proposed, based on their study conducted in Italy, that exposure to
particles could be underestimated by 35 percent if the dose is determined by outdoor particle concentrations measured at the
city scale rather than on a personal scale including both indoor and outdoor exposure. This underestimation could further
increase as outdoor air quality improves. The finding of Scungio et al. (2020) highlights the importance of measuring indoor
aerosol even though the variance of indoor particle concentrations in time and between different spaces is greater than that of
outdoors making it more challenging to measure.

Indoor particle sources are typically related to burning or thermal processes and because of that cooking, smoking, candle
burning and the usage of electrical devices are considered as the main sources of indoor particles (Hussein et al., 2006; Wallace
and Ott, 2011; Isaxon et al., 2015; Zhao et al., 2021). It has been estimated that indoor sources contribute 56 % of the daily
exposure to particle number in developed countries (Zhao et al., 2021). Often, the sources are active only for short periods,
but, for example, decay of the high cooking-generated particle concentration can take from an hour to several hours (Hussein
et al., 2006; Wan et al., 2011; Isaxon et al., 2015). Due to the long decay time, it has been suggested that cooking-generated
particles could induce significant exposure after the cooking action, for instance, during a night’s sleep (Pacitto et al., 2018).
Morawska et al. (2013) have estimated, based on measurements carried out by Wallace and Ott (2011), that cooking produces
47 % of ultrafine particles (UFPs) indoors while indoor UFPs are estimated to cause 67 (Wallace and Ott, 2011), 59 (Bhangar
etal., 2011), or 31 (Mullen et al., 2011) percent of the total exposure to UFPs.

Ultrafine particles have been concerned as a health risk (WHO, 2021) due to their ability to enter the bloodstream via lungs
(Nemmar et al., 2002; Ohlwein et al., 2019). Through the circulatory system a small fraction of UFPs can deposit in distal
organs, including the heart, kidneys, and the liver (Oberddrster et al., 2005; Schraufnagel, 2020). Additionally, UFPs have
been found to translocate to the brain via the olfactory nerve (Oberdorster et al., 2004). Studies also suggest that UFPs have
higher toxicity per mass unit, in comparison to larger particles, likely as a result of a greater surface area that leads to a higher
oxidative potential (Donaldson et al., 2002; Monteiller et al., 2007).

When assessing exposure to aerosol particles, it is highly important that the quantity describing particle concentration cor-
relates well with the health effects. However, the negative health responses to PM; 5 mass concentration, the most commonly
used particle concentration quantity in the current regulations, vary between different cities or regions (Li et al., 2019). There-
fore, in this study, particle concentration is described by lung deposited surface area (LDSA) concentration that combines the
surface area concentration of particles and the deposition efficiency of particles into the human respiratory tract. According to
Schmid and Stoeger (2016) this combination makes LDSA concentration, from the toxicological perspective, the most relevant
concentration metric to indicate the negative health effects of particles. Lepisto et al. (2023) and Salo et al. (2021) have also

found that using LDSA as a metric instead of PM, s the differences in the health response to particles narrow between different
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geographical regions. In addition to the ability of describing health effects, LDSA concentration is relatively easy and inexpen-
sive to measure with sensor type instruments when the particle size is between 20 and 400 nm (Todea et al., 2017; Fierz et al.,
2011, 2014). This size range is suitable for measuring the majority of particles emitted from indoor sources such as cooking
(Wallace, 2006; Buonanno et al., 2009; Wan et al., 2011; Abdullahi et al., 2013). However, the downside of choosing LDSA
concentration as particle concentration unit is that there are no already solved decay functions for the decay process of LDSA
concentration.

Exposure to particles emitted from indoor sources is highly connected to the characteristics of indoor environments and
ventilation. Finland is an example of a country in which the mechanical supply and exhaust ventilation with supply air filtration
and heat recovery is required in new buildings since 2003 (Hanninen et al., 2005). According to the National Building Code
of Finland (section D2, 2003), the air exchange rate should be 0.35 dm3s~'m~2 that, in 2.5 m high space, corresponds to a
ventilation rate of 0.5 h=!, which has been the standard also in many other countries in Europe (Dimitroulopoulou, 2012). A
recent study by Zukowska et al. (2021) showed that mechanical ventilation is becoming a common choice in several European
countries induced by the need to reduce the energy consumption of buildings. In developing countries, natural ventilation still
dominates in residential buildings, but global mega-trends, such as climate change and urbanization, will evidently increase the
need for air conditioning and air infiltration for which the mechanical ventilation is beneficial (Ahmed et al., 2021; Niculita-
Hirzel, 2022). While mechanical ventilation reduces the exposure to outdoor particles (Park et al., 2014; Silvonen et al., 2023),
buildings equipped with mechanical ventilation are usually airtight which slows down the decay process of indoor generated
particles. This emphasizes the need for characterization of aerosol dynamics of the decay phase in mechanical ventilated
dwellings.

The aim of this study is to first develop aerosol dynamics—based decay functions describing the decay phase of indoor
particle emission using LDSA concentration as the metric. Subsequently, the second objective is to investigate the impact of
cooking, including the decay phase of cooking-generated particles, on the daily LDSA exposure applying the decay functions.
The experiments are carried out using sensor type devices to measure LDSA concentration in four different dwellings equipped

with mechanical ventilation system.

2 Decay functions

Indoor particle sources are often active for only a short period of time, yet they produce high particle concentrations which
decay slowly in an indoor environment (Hussein et al., 2006; Wan et al., 2011; Isaxon et al., 2015). As a result, a measurement
covering only the active time of the particle source is not enough to asses the total source-induced exposure. A decay function
describing the decay phase of the particle concentration resulted from the source would provide a useful tool for extending
the observation outside of the measured time period and for further understanding the dilution process. In addition, the decay
function could be applied to distinguish the emissions of successive emission events from one another. In this study, two decay
functions are derived from the solutions of differential equations. The first function considers ventilation and particle deposition

onto walls, which are the most essential aerosol processes indoors (Nazaroff, 2004). The second decay function also includes



95

100

105

110

115

120

Preprint. Discussion started: 12 June 2025
(© Author(s) 2025. CC BY 4.0 License.

https://doi.org/10.5194/ar-2025-17 ( '. A E R O S O L
Res ch

coagulation, which becomes a relevant process with high particle concentrations. Furthermore, both decay functions consider

a stable background source that covers, for example, particles transferred from outdoor air.
2.1 Decay function considering ventilation and deposition

Ventilation can be categorized to mechanical, natural, and leakage ventilation that accounts for aerosol flow through cracks in
the building’s envelope (Nazaroff, 2004). All of these ventilation processes can be present at the same time, for instance, when
a window is opened in a mechanical ventilated dwelling. In mechanical ventilation, supply air is filtered with the efficiency
nM, and in leakage ventilation the size and the shape of the cracks determines the penetration factor P denoting the fraction
of particles transferring from outdoor to indoor air. Both, the filter efficiency and the penetration factor, depend on the particle
size. Using this classification and assuming that the indoor air is well-mixed, the ventilation-related time behaviour of LDSA

concentration can be described by differential equation

(1 —nm) Qmjin + Qniin + Qu,in P

dCLDSA i
J —C i
% LDSA,

dt

QM,out + QN,out + QL,outP

% ey

=CLpsAo

where V' is the volume of the indoor space and Qyr, Qn, and @y, are the flow rates of mechanical, natural and leakage
ventilation, respectively. The additional subscript of the flow rates also indicates the direction of the flow. Indoor LDSA
concentration Cr1,pga i and outdoor LDSA concentration C1,pga o are defined as

dC
CLDSA:/TJNADDFELI ddp, 2
P

where C'y is the particle number concentration, dy, is the particle diameter, A, is the surface area of a particle, and DF, is the
size dependent deposition fraction of particles to alveolar region of the human lungs. Looking at the right side of Eq. (1), the
first term represents the supply ventilation transporting LDSA concentration from outdoor to indoor air and the second term
stands for the exhaust ventilation transporting LDSA concentration in the opposite direction.

In addition to ventilation, deposition to the surfaces of the indoor space has an effect on the indoor LDSA concentration.
According to Nazaroff (2004), diffusion and gravitational settling are the main deposition mechanisms indoors depending on
the particle size. By converting the differential equation for mass concentration presented by Nazaroff and Cass (1989) to
LDSA concentration, the decrease in LDSA concentration driven by deposition can be expressed as

> Vdy, LDSA jA;
V )

dCrpsa.i

T 3)

= —CLpsa,i

where the index j spans the surfaces of the indoor space so that A; is the area of a surface and Vd,,LDSA,;j i the mean deposition
velocity of LDSA. Using the deposition coefficient of LDSA (rpsa, Eq. (3) can be simplified to

dCLpsa,i

— BipsaClosa. 4
T BLpsaCLpsa, 4)

It has to be noted that the values of Sr,pga differ from more commonly used deposition coefficients of particle number or mass

(Crump et al., 1982; Lai, 2002). This difference can be understood from Eq. (3) where the deposition velocity is for LDSA
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instead of mass or number. However, from the same equation, it can be seen that the deposition coefficient depends on the
geometry of the studied indoor space, in which case the comparison of deposition coefficients is not useful even when the
metrics of particle concentration would match.

By combining Eq. (1) and Eq. (4) and including the supply ventilation term of Eq. (1) to the constant background source
SLpsa assuming that outdoor LDSA concentration stays constant, the time behaviour of indoor LDSA concentration can be

described as a differential equation

dCrpsa,i _ _C Qu+QOn+QLP
dt LDSA,i Vv

Because the first and the second term of the right side of Eq. (5) are both first-order they can be further combined using the

— BrpsaCrpsa,i + SLDsA- ()

dilution coefficient D1pga so that the differential equation is written

dCLpsa,i

a —DrpsaCLpsa,i + SLDsA- ©

The solution of Eq. (6) is a time-dependent function for indoor LDSA concentration

SLDSA) L SLpsA
Dipsa Dipsa’

)

—Dipsat
Crpga,i=e “1bsa (CLDSA,i,o -

where Cr,psa i,o is the initial indoor LDSA concentration. Looking at Eq. (6) as time approaches infinity, the time derivative
of LDSA concentration approaches zero and LDSA concentration approaches background concentration Cppsa i bg resulted
from the background source. Consequently, as time approaches infinity, Eq. (6) can be stated as Sy,psa = Dr1.psaCLDsA,i,be-

Substituting this into Eq. (7), the equation can be formulated into form

—Dipsat
Crpsa,i = CLpsaibg + (CLpsALi,0 — CLDSAibg) €~ LPSAY, (®)

where the initial and the background indoor LDSA concentrations can be measured making the dilution coefficient the only
fitting parameter. In Supplement S1.1, the equation is derived in more detail starting from Eq. (6). Equation (8) is estimated
to be functional in indoor emission events with particle number concentrations under 10* cm 3 leading to a negligible role of

coagulation (Hussein et al., 2009).
2.2 Decay function considering ventilation, deposition, and coagulation

However, if the indoor particle concentration rises higher than 10* cm ™3, which is typical, for example, as a result of cooking
(Wallace, 2006; Buonanno et al., 2009; Pacitto et al., 2018), coagulation starts to act as a notable aerosol process that has an
effect on the time behaviour of indoor particle concentration. Modeling the coagulation of an aerosol consisting of several size
modes is feasible, but it leads to a relatively complicated form of equations (Whitby and McMurry, 1997). Therefore, in this
study straightforward assumptions, that all particles of the studied aerosol are equal in size and the coagulation coefficient stays
constant as a function of time, are applied. With these assumptions, the effect of coagulation on particle number concentration
can be described using a differential equation

dCx 1,
a - aon ®
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where K is the coagulation coefficient and the factor —1/2 consists of multiplication of 1/2, by which calculation of one
collision as two collisions between same particles is avoided, and —1, that is the change of particle number when two particles
collide and adhere forming larger particle. To convert Eq. (9) from particle number to LDSA, the change of LDSA, when two

particles of same size coagulate forming a larger particle, has to be evaluated. This change, ALDSA, can be expressed as

ALDSA= [(Ndp,1 —2) Ap.dy 1 DFald, , +Ap,dp,2DFa1,dp,2] —Na, , Ap,d,, DFald, 15 (10)

where Ny ,, Ap, dy.1»and DFy) g, are the number, the surface area, and the alveolar deposition efficiency of the initial particles

o1
with the size of d, 1, respectively. Correspondingly, A;, 4, , and DFy) 4, , are the surface area and the alveolar deposition
efficiency of the formed particle with the size of dy, o, respectively. In Eq. (10), the expression inside brackets accounts for the
final state, in which two initial particles have transformed to one larger particle, and the last term represents the initial state.
To further investigate the change of LDSA in coagulation, the alveolar deposition efficiency and the particle surface area
have to be expressed as a function of the particle size. The alveolar deposition efficiency can be estimated using the human
respiratory tract model of ICRP (1994). In the size range of 30 to 300 nm, the model can be parameterized at a reasonable
accuracy with the expression DF,, ~ ad> !, where a is 14.37 nm. Whereas, by assuming that the particles are spherical, the

surface area can be simply expressed as A, = wd%. Substituting this expression to Eq. (10), the equation can be rearranged into

form
ALDSA ~ 7d? yady 5 — 2nd? jad,) ] (11)

When mass is conserved and the density of spherical particles is assumed to be equal between the initial and the formed

particles, a relation between the initial particle size and the size of the formed particle is

1
gpﬂd;l +

1

1
6p7rdg’1 = —prd ,, (12)

6

where p is the density of a particle. By solving Eq. (12), the size of the formed particle can be expressed with respect to the

initial particle size as d,, » = 2'/3d,, ;. Substituting this expression into Eq. (11) gives
ALDSA =~ 27a (2*% - 1) dy1. (13)

Another equation that is needed for converting Eq. (9) for LDSA concentration is the relationship between number concentra-
tion and LDSA concentration. In the case of particles of only one size and using expressions DFy) ~ ad;; Land A, = Wdf,, this

relationship can be solved from Eq. (2) into form
1 -1
CN =~ 7CLDSAdp . (14)
Ta

Finally, substituting the factor —1 with Eq. (13) and the number concentration with Eq. (14), Eq. (9) can be transformed to
describe the effect of coagulation on LDSA concentration as

dCipsa _ 1

2 —
LDSA — — (27% —1)d; K CEpsa., (15)
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where coagulation coefficient is the same as in Eq. (9). Equation (15) can be simplified to

dC,
%SA = —K1psaCipsas (16)

where K1,psa is the coagulation coefficient for LDSA, which is
1 2 1
Kipsa = —— (2 3 —1> d'K. a7
Ta

When Eq. (16) is applied to indoor LDSA concentration and combined with Eq. (6), time behaviour of indoor LDSA

concentration driven by ventilation, deposition onto surfaces and coagulation is described as a differential equation

dCrpsa.i

T = —DrpsaCrpsa,i — KLDSACEDSAJ + SLpsA- (18)

This second order differential equation has an analytical solution of

) 2b o
o 1 L p o -1 ebt+1:| , 19
LDSA= 5 { LDSA [(b — Dipsa—2K1,psaCLpsa 1,0 ) "

where an auxiliary variable b = \/ D%Ds A +4K1psaS is utilized. Similarly to Eq. (7), the background source term can

be expressed using background LDSA concentration. The investigation of Eq. (18) as time approaches infinity gives S=

2 . . . eqe . .
Dr1psaCLpsa,ibg + K1psaCipg Aibg: Using this expression, the auxiliary variable b can be written as

b= Dipsa + 2K1.psaCLDSA i,bg- (20)

Now, Eq. (20) can be applied to transform Eq. (19) to a more simplified form

b
CLpsA,i,0 — CLDSA,ibg

—1
CLpsa,i = CLDsA,ibg + b K + KLDSA> et — KLDSA:| , (21)

where dilution and coagulation coefficients of LDSA, also included in the auxiliary variable b, are the fitting parameters, as
initial and background LDSA concentrations can be measured. In Supplement S1.2, the equation is derived in more detail
starting from Eq. (18). Comparing Eq. (21) to Eq. (8), the form of the function is more complex and the number of parameters
is also by one higher. Because of this, it might be worth to consider, in which cases the presumably more accurate Eq. (21) is

reasonable to use instead the simpler Eq. (8).

3 Experimental methods

To validate the decay functions derived in Sect. 2, measurements investigating indoor particle emissions of cooking in residen-
tial buildings were conducted between 13 September 2022 and 13 October 2022. The measurements took place in Tampere
region, Finland. With population of approximately 244 000, Tampere represents an average European city where the popula-
tion is around 249 000 computed from the most recent population values of European cities provided by Eurostat (2024). The

measurements, designated as Cases I to IV, took place in four different dwellings equipped with mechanical supply and exhaust
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Table 1. The specification of measurement sites in Cases I to I'V.
Case Buildine tvpe Floor area Cooking space Extra ventilation Buildine vear Location tvpe
4 gbp (m?) volume (m?) during cooking 4 gy P
I Apartment 22 ~40 No 2022 Urban
II Terraced house 85 ~150 Yes 2010 Suburban
11T Terraced house 52.5 ~85 Yes 2017 Suburban
v Detached house 128.8 ~180 Yes 2007 Suburban

ventilation systems. The measurement sites included one apartment, two terraced houses, and one detached house with floor
area ranging from 22 m? to 128.8 m?2. The dwellings of Cases II to IV are located in a suburban area, whereas the apartment of
Case I is located in an urban area, which might have an effect on background particle concentration. The dwellings of the mea-
surement cases are described more precisely in Table 1. In addition, the floor plans are represented case by case in Supplement
S2.

In all Cases, the measurement setup consisted of three Partector sensors (Naneos GmbH) measuring LDSA concentration and
a DiSCmini sensor measuring geometric mean diameter (GMD), LDSA concentration, and number concentration of particles
(Matter Aerosol AG). Both monitors first charge particles using a unipolar diffusion charger followed by the measurement
of electric current caused by the charged particles. However, the Partector charges particles periodically and measures the
current induced in a Faraday cage (Fierz et al., 2014), while the DiSCmini charges particles continuously and measures current
resulting from captured particles in two stages, a diffusion stage and a filter stage (Fierz et al., 2011). In both sensors, LDSA
concentration is determined using the fact that, in the size range of 20 to 300 nm, LDSA concentration is approximately directly
proportional to the electrical charge of particles resulting in the current. The estimate of geometric mean diameter provided by
the DiSCmini is based on a calibrated particle size distribution and the ratio of currents of the two stages (Fierz et al., 2011).

For the LDSA concentration of the Partector and the number concentration of the DiSCmini, manufactures report a measure-
ment accuracy of +30 %. According to Naneos GmbH, for the Partector, this accuracy holds in the particle size range of 20 to
400 nm while the sensor is able to detect particles from 10 nm up to 10 um. Whereas, for the DiSCmini, the given accuracy
is reported to apply in the whole size range of 20 to 700 nm when the mode of the size distribution is, on a number basis,
between 20 and 300 nm. Todea et al. (2017) investigated the accuracy of both sensors, in the accurate size ranges reported by
manufacturers, with a large variety of test aerosols by comparing the results to ones measured with a scanning mobility particle
sizer (SMPS) or a condensation particle counter (CPC). The study shows that on average the underestimate of LDSA concen-
tration is 12 and 7 % for the Partector and the DiSCmini, respectively. In addition, the DiSCmini is, on average, observed to
overestimate the number concentration by 32 % and underestimate the mean particle size by 10 %. Based on these results, the
Partector and the DiSCmini are capable of measuring the LDSA concentration of cooking-generated particles, that are dom-
inated by UFPs in number concentration and typically have the mode of surface area distribution below 400 nm (Buonanno

et al., 2009; Wan et al., 2011), with reasonable accuracy for validating the derived decay functions.
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Figure 1. The locations of the stove, the living room sensor, and the outdoor sensor in Case III as an example of the measurement setup in

this study. The acronyms of the floor plan are explained in Table S2.1.

In the measurement setups of this study, the first Partector and the DiSCmini were located stationary in the living room,
the second Partector was carried around in a backpack sampling aerosol from the breathing zone, and the third Partector was
placed stationary outside of the dwelling. An example of the locations of the stationary sensors and the stove is presented in
Fig. 1 while all of the setups are presented in Supplement S2. In Cases from II to IV, the sensors located in the living room
were placed in the opposite corner from the stove and a meter apart from the walls, but in Case I the placement differed due
to furniture and the small size of the apartment. During the cooking, the backpack sensor was close to the stove as the resident
wearing the backpack was in charge of the cooking. After the cooking event, the measurement backpack was carried around in
different rooms to observe how the particle emissions spread across the dwelling. The outside sensor was placed in a protective
bag to keep the temperature of the Partector more stable.

The measurement started with a zero measurement of 5 minutes through a high efficiency particulate air filter (HEPA) fol-
lowed by 15 minutes long background measurement. In these measurements, all sensors were sampling from the same pipeline.
The mean LDSA concentration values of Partectors varied between 0.64 and 1.25 um? cm ™3 during the zero measurements.
Moreover, the differences between Partectors in the average LDSA concentrations of the background measurements were be-
low 1 um? cm~3 in all Cases. After making sure that the readings of the sensors were in line, the sensors were placed in their
locations described above. In those locations, an hour of background was measured before the cooking started. During the
cooking, 250 grams of raw chicken strips were fried with 15 ml of rapeseed oil. In all Cases, the stove was electrical and,
apart from Case I, ventilation was enhanced during cooking. In Cases II and IV, extra ventilation was achieved using a range
hood that has its own exhaust channel, whereas, in Case III the range hood is connected to the exhaust ventilation system of
the dwelling. The duration of the cooking event was widely varying probably due to different cooking styles and stove models.
The shortest cooking time was 5 min and 51 s, whereas the longest cooking event took 13 min and 33 s. After the cooking,
the decay phase of indoor particles was measured for 3 hours, during which the measurement backpack was carried around in
different rooms of each dwelling.

To evaluate the role of cooking-generated particles in the total exposure to aerosol particles, the outdoor LDSA concentra-

tions at two measurement stations in Tampere, Epild and Pirkankatu, were requested from the city of Tampere. The measure-



260

265

270

275

280

285

Preprint. Discussion started: 12 June 2025
(© Author(s) 2025. CC BY 4.0 License.

https://doi.org/10.5194/ar-2025-17 ( '. A E R O S O L
Res ch

ment station of Epili is located in a suburban area, whereas Pirkankatu is located in an urban area. The data covered one year
starting from 1 November 2021 and was measured in both stations with diffusion charging AQ Urban sensors (Pegasor Ab).
The sensor is based on the Pegasor PPS-M sensor that measures the net current escaping the instrument due to the outflow of
charged particles (Rostedt et al., 2014; Kuula et al., 2019). The correlation between the current of AQ Urban sensor and LDSA
concentration measured with a differential mobility particle sizer (DMPS) has been found to be strong (R? = 0.93) with an

error of 19 % in urban air quality measurements conducted by Kuula et al. (2019).

4 Results and discussion
4.1 Cooking measurements

In all Cases, cooking was observed to induce one to three orders of magnitude higher LDSA concentrations compared to the
background concentrations measured before the cooking event. This is illustrated in Fig. 2, which presents the time series of
cooking experiments including the background measurements. The highest concentration was measured in Case I, where the
mean concentration during the cooking event was 1800 um? cm ™3 in the living room. Regarding the cooking event and from the
perspective of personal exposure, the backpack measurement would be more representative than the living room measurement
but in Case I there was an interruption in the backpack measurement during that period. However, due to the small size of the
apartment in Case I, the living room measurement was carried out within 3 meters of the stove. In Cases from II to IV, the mean
LDSA concentrations of backpack measurement during the cooking event were 9.8, 75.9, and 13.7 um? cm ™3, respectively.
The difference between the concentration levels of Case I and other Cases is at least partially explained by the fact that extra
ventilation was not used in Case I. During the cooking event, the 5 minute average of the geometric mean particle size presented
in Fig. 2 was within the size range of UFPs in all Cases, which indicates that the cooking emission is in the accurate size range
of the Partector. Due to the significant oscillation of the mean particle size in low particle concentrations, the size is presented
only when the mean LDSA concentration of 5 minute period is at least 5 um? cm™3.

Compared to previous studies, the LDSA concentrations of the cooking event are relatively low in Cases from II to IV
whereas in Case I the concentration is comparatively high (Geiss et al., 2016; Pacitto et al., 2018; Scungio et al., 2020; Pacitto
et al., 2021). For instance, Pacitto et al. (2018) reported the median LDSA concentrations of indoor cooking events in developed

countries. In that study, the highest median concentration of 1362 um? cm ™3

3

was observed in Guilford, United Kingdom, and
the lowest median concentration of 94.3 um? cm ™~ was observed in Lund, Sweden. Comparing to the results of Pacitto et al.
(2018), it has to be noted that in the study in question LDSA is defined as a surface area deposited in both the alveolar and the
tracheobronchial region of the lungs, which leads to from 15 to 20 % increase in LDSA concentrations. The measured mean
particle sizes are in line with previous research also reporting a majority of UFPs (Hussein et al., 2006; Buonanno et al., 2009).

However, in Cases from II to IV, the highest concentrations in living room were observed after the cooking event. This
phenomenon indicates that the mixing and dispersion process of cooking-generated particles into the living room requires

time. In addition, freshly cooked food is likely to produce particles that might increase LDSA concentration notably when food

is not under an actively operated range hood. After the peak concentration, LDSA concentration starts to decay slowly requiring
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Figure 2. Time series of living room, backpack, and outdoor LDSA concentrations and particle size as GMD in Cases I (a), II (b), III
(c), and IV (d). The time series cover the background measurement and the whole cooking experiment including 3 hours of decay. LDSA
concentrations are measured using Partectors and mean particle sizes using the DiSCmini. The mean particle size is presented as a 5 minute
average when LDSA concentration is at least 5 um? cm 2. In addition, the mean and the standard deviation of outdoor LDSA concentration

are presented numerically.

several hours in all Cases. Simultaneously, the geometric mean of particle diameter increases, for instance, as the deposition
coefficient of UFPs is higher than that of accumulation mode particles (Lai, 2002). In addition, coagulation increases the
particle size especially in high particle concentrations as in Case I, where the role of coagulation can be observed as a higher
increase rate of particle size compared to other Cases. During the decay process, LDSA concentration of different rooms of
the dwellings, measured using the backpack, varied greatly. Mainly, the concentrations remained highest in the kitchen and
the living room, but in Case I the concentration in the bathroom was observed to be the highest after approximately 2 hours
of decay. Throughout the measurements, outdoor LDSA concentrations were stable compared to indoor concentrations in all
Cases. Both the highest mean concentration and the highest standard deviation were measured in Case I, as expected. Overall,
the outdoor concentrations were low in comparison to globally typical outdoor LDSA concentrations (Pacitto et al., 2021;

Lepisto et al., 2023).
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4.2 Utilization of the decay functions

The evaluation of the decay functions derived in Sect. 2 is conducted by fitting the functions to LDSA concentrations of the
living room in Cases from I to IV. The living room data are chosen because it has better continuity compared to the backpack
data that includes measurements in different rooms. As noted in Sect. 4.1, in Cases from II to IV, the LDSA concentration
of the living room increases after the cooking event has ended. Additionally, especially in Case IV, there is a strong variation
in LDSA concentration after the peak value suggesting that the aerosol is not well mixed. Because the functions are not able
to describe both the increase of concentration resulted from a periodic source and the decay of concentration within one fit,
and the functions include assumption that the aerosol is well mixed, these observations indicate that the fitting of the decay
functions cannot always start immediately after the cooking event.

To solve this challenge, a mixing phase is introduced as a time period that includes both the potential concentration increase
and the mixing related variation of concentration. The length of the mixing phase is determined by an algorithm based on the
normalized root mean square error (NRMSE) of a fitted decay function following Eq. (21). The normalization is performed
using the mean value of data points, and the decay function including coagulation is selected for the algorithm because the
highest concentrations, where coagulation might have a substantial role, are typically measured in the mixing phase. In the
algorithm, the decay function is fitted to the time series of LDSA concentration using a non-linear least squares method and
with a varying starting point. In the first fit, the starting point is the first measurement point after the cooking event and then
it is shifted 5 seconds forward in every fit covering the first 20 minutes following the cooking event. The relative deviation
from minimum NRMSE in each Case is presented in Fig. 3, which shows that the NRMSE:s stabilize near the minimum at a
certain Case dependent time indicating the length of the mixing phase. In the algorithm, the starting point of the first fit having
NRMSE within 10 % of the minimum NRMSE in each Case is defined as the end point of the mixing phase. The lengths of the
mixing phases determined by the algorithm ranged from 35 seconds in Case I to 14 minutes and 58 seconds in Case IV. The
mixing phases are presented with gray highlighting in Fig. 4.

After the determination of the mixing phase, the decay functions can be utilized using the data points of the decay phase
following the mixing phase. Before fitting the functions, the background LDSA concentration C,pga i,be and the initial LDSA
concentration of the decay phase Crpsa io have to be determined. The background concentrations were computed as the
mean concentration of the background measurement in each living room, whereas the initial concentrations were defined as
the concentration of the first data point in each decay phase. Using these values that are equal for both decay functions in each
Case, the decay functions following Eq. (8) and Eq. (21) were fitted to the data of the decay phases. The fits of the decay
function following Eq. (21) and, thus, considering coagulation are presented in Fig. 4 together with the initial concentrations,
the background concentrations, and the fitting parameters Drpsa and K1 pga that stand for the dilution coefficient and the
coagulation coefficient of LDSA concentration, respectively. Corresponding figure for the decay functions following Eq. (8) is
presented in Supplement S3. In the fitting, the coefficients has to be assumed constant throughout the decay process, although
in reality they would vary due to the slow increase of GMD over time. In addition, the fitting errors of both decay functions are

given in Table 2.
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Figure 3. The relative deviation of NRMSEs of the decay function, following Eq. (21), from minimum NRMSE in Cases from I to IV. The
first NRMSE of each Case that equals or is below the tolerance of 10 % determines the end point of the mixing phase.

Table 2. Mean absolute errors (MAE), normalized root mean square errors (NRMSE) and the coefficient of determination (R?) of the fits of
the decay functions in Cases from I to IV. The decay function following Eq. (8) does not consider coagulation, whereas the function based

on Eq. (21) includes coagulation.

Coagulation not considered, Eq. (8) Coagulation considered, Eq. (21)
Case NiAE 4 NRMSE R? NQAE 4 NRMSE R?
(um® cm ™) (Mm® cm ™)
I 27.2 0.0951 0.994 10.8 0.0545 0.998
1I 0.800 0.134 0.964 0.465 0.0792 0.988
I 1.92 0.0510 0.996 0.628 0.0215 0.999
v 0.578 0.0296 0.994 0.575 0.0296 0.994

Looking at Fig. 4 and Table 2, both decay functions are found to fit the measurement data with a high accuracy. In Case I, the
mean absolute errors (MAE) of both fits are notably higher compared to other Cases, but the values of NRMSE and R? indicate
that the difference in magnitudes is explained by the overall higher level of concentration in Case 1. Thus, the applicability of
the theoretically derived decay functions is confirmed in a real-world environment. However, the decay functions following
Eq. (21), that consider coagulation in addition to ventilation and deposition, produce systematically an equal or lower fitting

error than the fits based on Eq. (8), only considering ventilation and deposition. Moreover, the relative difference between the
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Figure 4. The fits and the fitting parameters of the decay function considering coagulation and following Eq. (21) in Cases I (a), II (b), III
(c), and IV (d). Cooking events and mixing phases are highlighted.

MAE:s of the different decay functions is highest in Cases I and III with the highest initial concentrations. This observation
is consistent with the fact that coagulation has a non-negligible role only in high number concentrations. According to the
DiSCmini, in Cases II and IV, the initial number concentrations 1.04 - 10* cm ™3 and 1.19 - 10* cm~3, respectively, are at the
limit where coagulation starts to act as a notable aerosol process.

The values of coagulation coefficient K1pga, presented in Fig. 4, vary widely between Cases. It has to be noted that the
intensity of coagulation depends more strongly on particle concentration as stated in Eq. (16). For instance, in Case I, the
intensity of coagulation is approximately 40 times higher at the beginning of the decay phase compared to Case II despite of
the two orders of magnitude lower value of the coagulation coefficient. Using Eq. (17), the coagulation coefficients of this
study can be compared to ones determined to number concentration in earlier studies. For instance, the mean coagulation
coefficient of 7.8-107% h—!, determined by Zhao et al. (2021), corresponds to LDSA coagulation coefficient of 6.39-10~*
cm® um~2 h~!, which is of the same order of magnitude as the coefficients of Cases I and IV. Consequently, it remains unclear
whether the fit function following Eq. (21) is able to determine the coagulation coefficient accurately especially in low particle
concentrations in which the role of coagulation as an aerosol process is minor.

In contrast to the coagulation coefficients, the dilution coefficients are of the same order of magnitude in all Cases. At the

same time, even minor differences in dilution coefficients have a significant effect on the dilution rate, especially in lower
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Figure 5. The monthly variation of the daily averages of LDSA concentration in two outdoor air quality measurement stations, Epild and
Pirkankatu, located in Tampere. 25" and 75™ percentiles, median values, mean values, and the ranges of variation are presented as boxes,

horizontal lines, diamonds, and whiskers, respectively.

concentrations. This is demonstrated by the fact that, in Case IV, LDSA concentration at 420 minutes predicted by the fit of
Eq. (21) is highest above the background concentration even though the initial concentration is relatively low. Although Case
IT has the lowest dilution coefficient, the high coagulation coefficient and the initially low concentration result in faster decay
near to the background level compared to Case I'V.

Overall, despite the differences in dilution and coagulation coefficients, the duration of the decay process is long in all Cases
from I to IV taking 231, 223, 182, and 283 minutes, respectively, for the concentration of living room, predicted by the fit of Eq.
(21), to decrease below the mean outdoor concentration of each Case presented in Fig. 2. This observation already emphasizes
the need for a decay function to asses the total exposure to cooking-generated particles instead of the exposure only during the

active cooking event.
4.3 Outdoor air quality

The outdoor LDSA concentrations measured at the two measurement stations of Tampere city, Epild and Pirkankatu, are
relatively low with mean values of 8.4 and 9.2 um? cm ™3, respectively. Globally, the outdoor LDSA concentrations of urban
background and traffic are at the level of 30 um? cm ™2 or higher (Kuula et al., 2020; Lepistd et al., 2023). Even values above
300 um? cm 3 have been reported in Santiago, Chile, (Lepistd et al., 2023) and Delhi National Capital Region, India (Salo
etal., 2021). However, in Finland and Switzerland, urban background concentrations around 10 umz cm ™3 have been reported

in earlier studies (Kuula et al., 2020; Kuuluvainen et al., 2016; Fierz et al., 2011).
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The seasonal variation of LDSA concentrations of both stations, illustrated in Fig. 5, is moderate as the median and the
mean values of daily averages range from 5.0 to 11.5 ym? cm 3. Nonetheless, concentrations are slightly elevated during the
summer months, June, July, and August, corresponding to the seasonal variation in Helsinki, Finland, reported by Kuula et al.
(2020). Elevated concentrations are also observed in March for both stations and in December at Pirkankatu. Additionally, the
highest individual daily concentrations were measured in winter and early spring, from December to March. During the snow
coverage starting in November and ending at the turn of March and April, the concentrations at Pirkankatu are also notably
higher than those at Epild in contrast to the months of unfrozen ground.

The diurnal cycle of LDSA concentrations of both measurement stations shows similarity to earlier studies (Hama et al.,
2017; Kuula et al., 2020). During weekdays, the daily time series is bi-modal having the first peak in the morning and the
second peak in the afternoon, whereas during weekends only the afternoon peak is observed. In both studies, these peaks
have been connected to the intensity of traffic. Consequently, it is unsurprising that LDSA concentrations are lower during the
nighttime with the mean of 7.3 um? cm ™3, while the mean daytime concentration was 9.5 um? cm 3. In this study the daytime
is defined as a time period between 7:00 and 23:00, and the mean values of day and night are calculated using a year’s worth of
data from both measurement stations. During daytime, the seasonal variation in the diurnal cycle is minor, but at night LDSA

concentration significantly decreases during winter, whereas in summer, the concentration remains close to the daytime levels.
4.4 Dose assessment

The daily LDSA dose received by the population of Tampere region can be assessed by combining the results of cooking
measurements, the fits of the decay functions, and the observations of outdoor air quality. As a result, the assessment provides
knowledge of the role that cooking and especially the decay phase of the cooking-generated particles have in the total daily
exposure. In earlier studies, only the exposure during cooking or eating is considered as cooking related exposure (Buonanno
et al., 2011; Pacitto et al., 2018; Scungio et al., 2020; Pacitto et al., 2021), although the decay phase of cooking-generated
particles may last from an hour to several hours as demonstrated in this study and previous research (Hussein et al., 2006; Wan
etal., 2011).

The total exposure to cooking-generated particles is calculated by summing LDSA doses during the cooking, mixing, and
extrapolated decay phases. The decay phase is extrapolated using the fitted decay function and the LDSA doses dy,psa are

determined using equation

ty
dLDSA = IR/CLDSA dt, (22)
to

where IR is the inhalation rate (IR), while ¢y and ¢, are the start and the end point of the phase, respectively. The daytime IR
of 16.3 1 min—" is computed as the average IR excluding sleep or nap time for individuals aged from 21 to 60 years based on
the statistics of EPA (2009). In the case of cooking and mixing phase, the integrand is the LDSA concentration of the living
room subtracted by the mean indoor background concentration. The integration is performed numerically using the trapezoidal

rule. The dose of the extrapolated decay phase is computed using the integral of the background term subtracted fits of Eq. (8)
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and Eq. (21). To get the total dose of the extrapolated decay phase, the integral of Eq. (22) is calculated from the starting point
of the decay phase to infinity. Despite integrating to infinity, the total dose of one cooking event is suitable for assessing daily
exposure because in all Cases the integral increases under 1 %o after 12 hours of decay.

The outdoor air quality data of Tampere are utilized to estimate the average background doses of indoor and outdoor en-
vironments. As the mean LDSA concentrations of day and night, presented in Sect. 4.3, are used to compute the background

doses, Eq. (22) can be simplified to form
Supsa = IRCrpsa At, (23)

where C,pgy is the average LDSA concentration and At is the time spent in a certain environment. The estimate for the indoor
dose is computed in two parts using Eq. (23). First, the indoor dose during the night is calculated using the nighttime mean
concentration of Tampere’s air quality stations and I/O-ratio of 0.44, which has been determined by Silvonen et al. (2023) for
an office building located in Tampere.

In the calculation of the nightly indoor dose, the length of a night was assumed to be 8 hours and the average sleep or
nap IR of 4.8 I min—! (EPA, 2009) was used. Secondly, the indoor dose during daytime is computed from the daytime mean
concentration of Tampere using the I/O-ratio, the daytime IR, and the average time spent indoors in Finland provided by
Hussein et al. (2012). The sleep time of 8 hours is subtracted from the indoor-spent time of 21 hours and 26 minutes.

The results of the dose calculations described above are presented in Fig. 6 for both decay functions. Using the decay
function following Eq. (8), the total daily doses are 1389, 104.5, 215.3, and 162.5 mm? in Cases from I to IV, respectively.
However, in all Cases, the utilization of the decay function following Eq. (21) gives slightly higher doses with corresponding
values of 1422, 105.9, 218.7, and 162.8 mm?, respectively. Apart form Case IV, the fits of Eq. (8) are observed to give values
lower than the measured ones at the end of the measurement, whereas the values of the fits of Eq. (21) are in better agreement
with the measurements. This observation explains the differences between the decay functions in both the daily doses of Fig. 6
and fitting errors of Table 2. Together with the fitting errors, it indicates that the decay function taking coagulation into account
is likely to give a better estimate of the actual dose of cooking-generated particles. It has to be noted that the relative differences
in the doses are minor, which makes also the simpler decay function applicable for assessing the total dose of a cooking event.

Compared to previous studies with a higher number of measurement cases (Pacitto et al., 2018; Scungio et al., 2020; Pacitto
et al., 2021), the daily doses in Cases from II to IV are closest to ones measured in Lund, Sweden, where the daily doses
for female and male were on average 102 and 93 mm?, respectively. Despite differing substantially from other daily doses
of this study, the daily dose of Case I has similarity with doses determined in Guilford, United Kingdom, and Cairo, Egypt.
In Guilford, the daily doses of female and male are 1408 and 1188 mm?, respectively, and in Cairo, the corresponding doses
are 1306 and 1309 mm?, respectively. It has to be noted that in those studies, unlike in this study, the particle surface area
deposited at the tracheobronchial region of the lungs is also included in LDSA leading to from 15 to 20 % higher values of
LDSA (Pacitto et al., 2018).

With both decay functions, the cooking-related particle exposure fraction, presented in Fig. 6, varies greatly between Cases.

The highest fraction of 93.9 % is observed in Case I using the decay function following Eq. (21), while the lowest fraction of
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Figure 6. Daily LDSA doses in Cases from I to IV consisting of indoor background, outdoor background, cooking and mixing phase in
the living room, and extrapolated decay phase separately with decay functions following Eq. (8) and (21). The fraction of cooking related
dose, including cooking, mixing and extrapolated decay phase, is presented numerically. Note that Case I has a separate y-axis due to higher

values.

17.2 % is determined in Case II using the decay function based on Eq. (8). This variation observed with identical ingredients
indicates that the ventilation and the style of cooking may have a significant impact on the total exposure of the cooking event.
Overall, the dose assessment shows that, in the Tampere region, a notable fraction of daily exposure relates to cooking that
even has a dominant role in two of the four Cases. In all Cases, most of the dose is received in the decay phase, not during
the actual cooking event. The fraction of the extrapolated decay phase dose from the total cooking dose varies from 66.5 %
to 80.3 % using the decay function that follows Eq. (8) and from 72.9 % to 82.9 % using the decay function following Eq.
(21). Consequently, it is clear that considering only the active cooking event is not enough to determine the total exposure of
cooking.

Because of this, the role of cooking might have been underestimated in earlier studies even though it has been recognized as
a major source of particle exposure (Pacitto et al., 2018; Scungio et al., 2020; Pacitto et al., 2021). Pacitto et al. (2021) reported
that in developed countries the average contribution of cooking and eating actions varies between 14 %, for males in Barcelona,

Spain, and 59 %, for females in Cassino, Italy. However, the dose fraction is highly dependent on the dose received from other
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sources such as traffic and outdoor air. For instance, the average daily dose from cooking and eating for females in Cassino
was assessed to be 779 mm? (Pacitto et al., 2018, 2021), while in Case III, similar dose fractions are achieved with cooking
related doses of approximately 130 mm?. Apart from Case I, the LDSA doses related to cooking show similarity to cooking
and eating doses measured in Barcelona, ranging from 61 to 178 mm?, and Lund, ranging from 30 to 67 mm? (Pacitto et al.,
2018). However, it is challenging to assess which fraction of the dose received during the decay phase of cooking-generated
particles is taken into account during eating periods. Consequently, the consideration of the whole decay phase might further

increase the already significant role of cooking-related particles in the total daily dose.

5 Summary and conclusions

In this study, two decay functions describing indoor LDSA concentration were first derived and then tested using measurement
data of four cooking experiments including the decay phase of the cooking emission. Both functions were confirmed to fit
the measured data with a high accuracy, but using the decay function that considers coagulation, in addition to ventilation
and deposition, the fitting errors were systematically lower. The difference in the errors was emphasized in the cases of high
concentration.

Together with air quality data of Tampere, the fits of the decay functions were applied to assess the role of cooking in the
daily LDSA exposure. The fraction of cooking related LDSA dose varied from 17.2 to 93.9 % highlighting both the significance
of cooking exposure on total exposure and the great influence that cooking style and ventilation may have on the received dose.
However, the primary finding was that, using the simpler decay function, from 66.5 to 80.3 % and, using the decay function
considering coagulation, from 72.9 to 82.9 % of the cooking-related dose was received at the decay phase following the active
cooking event and the mixing phase. Consequently, it is crucial to consider the particles of the decay phase as cooking-related
emissions when assessing the role of cooking in the daily exposure.

Using the decay functions of this study, also the measurement data of a low time resolution or a short time period can be
interpolated or extrapolated providing a useful tool for assessing the exposure at the decay phase. The decay functions could
also be utilized to describe the decay processes of other indoor particle sources noting that, in the more complex decay function,
the consideration of coagulation includes the assumption that the size distribution is dominated by particles with diameter in
the range of 30 to 300 nm. Consequently, as most of the indoor sources produce particles within that size range, the decay
functions can be applied to distinguish the emissions of successive indoor emission events from each other. Furthermore, the
factors affecting the decay process of indoor emissions, such as ventilation systems and the usage of range hoods, can be
examined more in detail using the decay functions. To achieve these potential improvements in the knowledge, more extensive

studies of indoor LDSA concentrations including the decay phase of indoor particle emissions are required.

Data availability. Data are available from Zenodo at: https://doi.org/10.5281/zenodo.15471503 (Vesisenaho et al., 2025)
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