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Abstract

Nanocluster aerosol (NCA: particles in the size range of 1–3 nm) are a critically important, yet understudied, class of atmospheric aerosol 
particles. NCA efCciently deposit in the human respiratory system and can translocate to vital organs. Due to their high surface area-to- 
mass ratios, NCA are associated with a heightened propensity for bioactivity and toxicity. Despite the human health relevance of NCA, 
little is known regarding the prevalence of NCA in indoor environments where people spend the majority of their time. In this study, 
we quantify the formation and transformation of indoor atmospheric NCA down to 1 nm via high-resolution online nanoparticle 
measurements during propane gas cooking in a residential building. We observed a substantial pool of sub-1.5 nm NCA in the indoor 
atmosphere during cooking periods, with aerosol number concentrations often dominated by the newly formed NCA. Indoor 
atmospheric NCA emission factors can reach up to ∼1016 NCA/kg-fuel during propane gas cooking and can exceed those for vehicles 
with gasoline and diesel engines. Such high emissions of combustion-derived indoor NCA can result in substantial NCA respiratory 
exposures and dose rates for children and adults, signiCcantly exceeding that for outdoor trafCc-associated NCA. Combustion-derived 
indoor NCA undergo unique size-dependent physical transformations, strongly inHuenced by particle coagulation and condensation of 
low-volatility cooking vapors. We show that indoor atmospheric NCA need to be measured directly and cannot be predicted using 
conventional indoor air pollution markers such as PM2.5 mass concentrations and NOx (NO + NO2) mixing ratios.
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Signi�cance Statement

In contrast to the outdoor atmosphere, the dynamics of nanocluster aerosol (NCA: 1–3 nm) in indoor atmospheric environments re-
mains poorly characterized. We report signiCcant formation of NCA down to 1 nm during indoor gas cooking. Our measurements re-
veal that indoor atmospheric NCA undergo size-dependent transformations at rates remarkably different from those observed 
outdoors. We found that during gas cooking, indoor NCA can be present at concentrations (1–10 million NCA/cm3) much greater 
than in trafCc-inHuenced areas despite their fast coagulation and diffusional deposition. The large NCA pool results in a signiCcant 
respiratory burden for children and adults. Our results demonstrate that indoor NCA must be considered as a distinct air pollutant 
category that should be routinely monitored when evaluating aerosol emissions.
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Introduction
Atmospheric nanocluster aerosol (NCA) are nano-sized molecular 

clusters that are from 1 to 3 nm in diameter and represent a critical 

interface in the formation and growth of new atmospheric particles 

from gas-phase precursors (1–3). In contrast to larger atmospheric 

aerosol particles, NCA are not routinely measured in ambient 

air due to analytical challenges, including low particle-counting 

accuracy, signiCcant deposition losses of NCA in the measuring in-

strument, and the complexity of accurately classifying and detect-

ing nano-sized particles (4). Recent advancements in electrical 

mobility-based measurement techniques for sub-10 nm particles, 

along with the development of particle size magnifying methods, 

have enabled the accurate sizing and detection of clusters as small 

as around 1 nm (5). Prior measurements of outdoor atmospheric 
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NCA have revealed that NCA can persist at high number concentra-

tions (103
–105 cm−3) due to direct emissions from trafCc and nucle-

ation of sulfuric acid and low-volatility organic vapors (2, 3, 6, 7). 

Inhalation exposure to the newly formed NCA is also of concern. 

NCA efCciently deposit in the respiratory system (1). When inhaled, 

NCA have a signiCcantly higher deposition fraction in the upper re-

spiratory tract than other sub-100 nm ultraCne particles (8), and 

once deposited, they can move between cells and enter the blood-

stream (9), potentially translocating to organs such as the liver and 

brain (10, 11). Furthermore, NCA exhibit high deposition in the tra-

cheobronchial region of the lungs, with the tracheobronchial depos-

ition fraction reaching a maximum near the NCA size fraction 

(∼4 nm) (1). Due to their high surface area-to-volume ratios 

(Fig. S1) (12), NCA are associated with a heightened propensity for 

bioactivity and adverse cytotoxic, apoptotic, and proinHammatory 

effects in eukaryotic and endothelial cells (13–15). Despite recent 

efforts to characterize outdoor atmospheric NCA, little is known 

regarding NCA dynamics and exposures in indoor environments, 

where people spend about 90% of their time (16).

The indoor atmosphere is uniquely different from that out-

doors. Many aspects of buildings and their occupants are likely 

to inHuence the prevalence and behavior of indoor atmospheric 

NCA. Factors that affect the indoor production and loss of NCA 

are expected to differ from those outdoors. Given the nature of hu-

man activities in indoor spaces, NCA sources are likely to be highly 

transient, with concentrations changing rapidly over short time- 

scales (1). In contrast to outdoor air, the indoor atmosphere is 

characterized by minimal dilution due to poor building ventilation 

and signiCcant potential for NCA–surface interactions due to the 

substantial surface area of occupied buildings (17). A few observa-

tional studies have identiCed indoor sources of NCA, including 

NCA nucleation following the ozonolysis of monoterpenes and 

skin oil (1, 18) and direct NCA emissions during 3D printing and 

cooking (19–21). However, a complete mechanistic understanding 

of the formation and transformation of indoor atmospheric NCA 

down to 1 nm in residential buildings is presently lacking.

Combustion processes are known to generate sub-10 nm nano-

particles (22). Field measurements at natural gas-burning plants 

have reported elevated concentrations (>105 cm−3) of particles be-

tween 2 and 7 nm (23). On the contrary, particle emissions from 

conventional and condensing boilers used in residential heating 

systems, fueled by natural gas and liqueCed petroleum gas 

(LPG), exhibit a primary particle mode between 10 and 20 nm 

(24). Other combustion sources, such as diesel and natural gas en-

gines, have been shown to emit NCA ranging from ∼1012 to 

>1015 NCA/kg-fuel (Table S7). Here, we report that indoor atmos-

pheric NCA emitted during propane gas cooking can be present at 

number concentrations (105
–107 cm−3) that far exceed those ob-

served at trafCc-inHuenced urban outdoor sites despite their ten-

dency to coagulate and diffuse to surfaces. Indoor NCA emission 

factors were similar to or greater than those for vehicles with gas-

oline and diesel engines (Table S7). Our measurements reveal that 

NCA emitted during propane gas cooking undergo rapid size- 

dependent transformations driven by high rates of inter- and in-

tramodal coagulation. Thus, NCA emitted indoors during 

propane-gas-stove combustion are subject to rapid physical 

transformations. Lastly, we demonstrate how high NCA emis-

sions from gas cooking cause a major respiratory burden for chil-

dren and adults due to large doses of NCA to the head airways and 

tracheobronchial region. Our results are broadly relevant given 

the widespread use of gas combustion (propane, methane) for in-

door cooking by the global population (25–27); thus, indoor NCA 

exposures may represent a major public health concern.

The observations reported here are based on a measurement 

campaign conducted in the Purdue zero Energy Design Guidance 

for Engineers (zEDGE) test house. Indoor NCA number size distri-

butions were measured in real-time using a novel high-resolution 

particle size magniCer—scanning mobility particle sizer (PSMPS). 

Our PSMPS measurements were coupled with the aerosol general 

dynamic equation (GDE) to provide fundamental insights into the 

size-dependent (dp) behavior of NCA in indoor atmospheres 

(28, 29). To facilitate direct comparisons with other NCA sources, 

we present NCA production terms, including the apparent NCA 

emission rate (ENCA,app, min−1), the NCA emission factor based 

on a carbon mass basis (ENCA, kg-fuel−1), and the NCA coagulation 

source (CoagSrcdp, cm−3 s−1), and NCA loss terms, including the 

NCA coagulation sink (CoagSnkdp, s−1) and aerosol Fuchs surface 

area (AFuchs, µm2 cm−3) (20, 29, 30). Our analysis also considers 

NCA transformations due to condensation of low-volatility cook-

ing vapors, parameterized through size-resolved condensational 

growth rates (GRCond,dp, nm h−1). Fundamentally, we have para-

metrized the key physical forces inHuencing the transformation 

of indoor atmospheric NCA and shown how such parameters 

can be used to evaluate how indoor NCA size distributions change 

and evolve over time. Overall, our Celd measurement campaign 

reveals important, and previously unreported, dynamics of sub-3 nm 

NCA emitted from gas cooking, demonstrating that NCA should 

be routinely monitored for a more complete assessment of size- 

dependent indoor nanoparticle dynamics.

Results and discussion

Time and size dependence of the formation 
and transformation of indoor atmospheric NCA 
during propane gas cooking
In Fig. 1, we show the time-resolved evaluation of indoor atmos-

pheric NCA formation and transformation during propane gas 

cooking via high-resolution online nanoparticle measurements 

from 1.18 to 3 nm with a PSMPS. We compare NCA dynamics for 

gas cooking experiments involving boiling water (left) and cooking 

grilled cheese (right; Fig. S9 shows the same for cooking buttermilk 

pancakes). In Figs. 2 and 3, we evaluate the relationship between 

indoor atmospheric NCA source and loss processes during active 

propane-gas-combustion periods for all these experiments. The 

results revealed the presence of a large pool of NCA in the indoor 

atmosphere during propane gas combustion for indoor cooking. 

The PSMPS utilized a new differential mobility analyzer (DMA) 

that enabled high-size- and time-resolved NCA monitoring; this 

improved the characterization of episodic indoor NCA production 

events such as those observed here. We detected very high num-

ber concentrations of indoor atmospheric NCA (NNCA) during pro-

pane gas cooking, ranging from ∼105 to 107 cm−3, far exceeding 

those reported at urban and rural outdoor sites (Table S6).

Fig. 1 also represents the Crst reporting of CoagSrc, CoagSnk, and 

AFuchs for indoor atmospheric NCA emitted from propane gas cook-

ing. All three are key parameters deCning how NCA number size dis-

tributions transform due to coagulation among smaller molecular 

clusters (CoagSrc) and intermodal coagulation with larger aerosol 

particles in the Aitken and accumulation modes (CoagSnk, AFuchs). 

The net difference between CoagSnk and CoagSrc is also reported 

(CoagSnkNet, s
−1; Eq. 5) (29). The boiling water experiments can be 

categorized as small/moderate CoagSnk cases, based on the values 

of AFuchs and CoagSnkNet. Similarly, cooking buttermilk pancakes 

and grilled cheese can be classiCed as large CoagSnk cases. The lat-

ter was due to the release of signiCcant quantities of larger atmos-

pheric aerosol particles between 10 and 1,000 nm from high 
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temperature butter-based cooking processes (Figs. 4 and S8); this in-

creased the NCA coagulation scavenging potential of the indoor at-

mosphere (Fig. 1). Our measurements reveal that NCA can be 

present in indoor air for the duration of the gas combustion process, 

or until rates of intermodal coagulation scavenging exceed those for 

heavily polluted urban atmospheres (Figs. 1 and 2). Thus, NCA were 

observed to remain in the indoor atmosphere for the entire active 

combustion period when the background aerosol concentrations 

were low, such as during the boiling water experiments. However, 

NCA concentrations declined sharply during cooking experiments 

once the generation of larger cooking-associated particles began. 

This shift drove the coagulation potential values of the indoor at-

mospheric environment to levels similar to those in heavily polluted 

outdoor environments, thereby scavenging the NCA. Quantitatively, 

when CoagSnk and AFuchs levels during cooking exceed those found 

in heavily polluted outdoor air (CoagSnkNet >0.2 s−1 and AFuchs 

>104 µm2 cm−3), NNCA and ENCA start to decrease (Figs. 1 and 2). 

This unique NCA transformation becomes apparent 6 min after 

butter-based cooking begins, as illustrated in Figs. 1 (right) and 

S10. A sudden increase in CoagSnk and AFuchs is noticeable at this 

point. Concurrently, there is a reduction in the prevalence of 

sub-1.5 nm molecular clusters, with NNCA <104 cm−3 and ENCA 

<1013 kg-fuel−1. During the active gas combustion period, with 

small-to-moderate coagulation sinks, the presence of indoor NCA 

at very high-number concentrations demonstrates that the rate of 

NCA production often exceeds that of NCA loss, creating a major 

Fig. 1. Time-resolved evaluation of indoor atmospheric NCA formation and transformation during propane gas cooking via high-resolution online 
nanoparticle measurements—Crst row: propane-gas-cooking-emitted NCA number size distributions (dN/dlogDp); second row: size-integrated  
(1.18–3 nm) propane-gas-cooking-emitted NCA number concentrations (NNCA); third row: Conventional indoor air pollution markers: PM2.5 mass 
concentrations and NO + NO2 mixing ratios; fourth row: carbon-mass-based (1.18–3 nm) propane-gas-cooking-emitted NCA emission factors (ENCA) and 
the aerosol Fuchs surface area (AFuchs); Cfth row: coagulation sink, coagulation source, and the net difference between the coagulation sink and 
coagulation source; and sixth row: cumulative adult respiratory-tract-deposited doses (DNCA) during the propane-gas-cooking measurements in the 
Purdue zEDGE test house. Left: A, C, E, G, I, K): composite median of small/moderate indoor CoagSnk cases (boiling water). Right: B, D, F, H, J, L): composite 
median of large indoor CoagSnk cases (cooking grilled cheese; composite median for cooking buttermilk pancakes is shown in the supplementary 
material, Fig. S9). The coagulation sink presented in I) and J) represents the median of the size-resolved coagulation sink values in the NCA size fraction. 
For X = Src in I) and J), the coagulation source values are computed as the median of CoagSrcdp/Ndp over the NCA size fraction.
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NCA respiratory burden for occupants. This relationship is illus-

trated in Fig. 3 as size-resolved indoor NCA source and loss terms be-

tween 1.18 and 3 nm.

Indoor atmospheric NCA formation and transformation proc-

esses during propane gas cooking are highly transient, with NCA 

number size distributions and concentrations changing rapidly 

while the stove was in use (Fig. 1). Such time-dependent changes 

are in contrast to outdoor observations of NCA, where the abun-

dance of NCA often changes much more slowly during atmospher-

ic nucleation events (3). Immediately following the initiation of the 

propane-gas-combustion event, we observed indoor NCA number 

concentrations (NNCA) to increase from background levels of ∼102 

to ∼105
–106 cm−3. NNCA rose to ∼107 cm−3 shortly thereafter. 

Particle number size distributions (dN/dlogDp) exhibited strong 

size-dependency in the NCA size range, with a signiCcant fraction 

of the indoor NCA population found below 1.5 nm (Figs. 1, 3, and 

S8). Our measurements show that freshly nucleated NCA from 

1.18 to 1.5 nm are present in the indoor atmosphere for the entirety 

of the 20 min propane-gas-cooking period during experiments 

with small-to-moderate coagulation sinks. The detected NCA are 

likely Hame-generated incipient soot particles (33–36), also re-

ferred to as nanoparticles of organic carbon (NOC), composed of 

fullerenes, graphene, and partially matured NOC (37–39).

The measured indoor NCA size distributions during propane 

gas cooking are the result of the balance between NCA production 

and loss processes, as deCned in the aerosol GDE (Eqs. 1 and 2). The 

temporal evolution of both is presented in Fig. 1, and their size- 

dependency is shown in Fig. 3. These include the size-integrated 

NCA production terms—the NCA apparent emission rate (ENCA, 

app, min−1), NCA emission factor (ENCA, kg-fuel−1), and NCA coagu-

lation source (CoagSrc, cm−3 s−1), and the size-integrated NCA loss 

terms—the NCA coagulation sink (CoagSnk, s−1) and aerosol Fuchs 

surface area (AFuchs, µm2 cm−3). ENCA Huctuated during the active 

propane-gas-combustion period (Fig. 1) and was generally be-

tween 1014 and >1016 kg-fuel−1 for small-to-moderate coagulation 

sink cases (Fig. 2). The apparent rate of formation of NCA increased 

with decreasing particle diameter, with the highest emission rates 

reported for NCA between 1.18 and 1.5 nm (Fig. 3). 1013
–1016 NCA 

are typically released into the indoor atmosphere during a single 

20-min propane-gas-cooking event. Such substantial formation 

of indoor nanoparticles cannot be observed when using 

conventional aerosol instrumentation that cannot accurately 

size classify and detect sub-1.5 nm NCA.

Our PSMPS measurements demonstrate that the NCA emission 

factor and the apparent rate of formation of NCA are inversely cor-

related with the coagulation scavenging potential of the indoor at-

mosphere (Figs. 2, 3, and S11). This relationship has previously 

been demonstrated for NCA during new particle formation events 

in outdoor environments (30, 40). However, suppression of outdoor 

new particle formation events was observed when AFuchs values ex-

ceeded 200 µm2 cm−3 (30). In our propane-gas-combustion experi-

ments, we observed very high NCA formation rates, which 

signiCcantly offset the suppression AFuchs values by an order of mag-

nitude. Therefore, interactions between newly formed indoor NCA 

and larger aerosol particles must be considered to accurately model 

the airborne fate and transport of molecular clusters down to 1 nm. 

As shown in Fig. 3, CoagSnk is a signiCcant contributor to the 

size-resolved apparent emission rates; its magnitude relative to all 

terms in the aerosol GDE (Eqs. 1 and 2) can range from about 50 to 

92%. To ensure accurate modeling of indoor NCA emissions, it is 

crucial to accurately model the interaction of NCA with larger aero-

sol particles. Equally important is modeling the self-coagulation 

among smaller molecular clusters.

Coagulation among smaller molecular clusters signiCcantly al-

ters the dynamics of the nanoparticle population emitted from ve-

hicle engine exhaust (41, 42). We demonstrate a similar effect for 

the Crst time during indoor cooking. Our PSMPS results during 

propane gas cooking, particularly in small-to-moderate CoagSnk 

cases, show that intramodal coagulation can contribute up to 

40% to the size-resolved NCA dynamics (Fig. 3C, top panel). 

Surprisingly, the ventilation and deposition terms in the aerosol 

GDE had a negligible impact on the size-resolved apparent emis-

sion rate calculation. The median CoagSnkNet value across all 

propane-gas-cooking experiments was 400 h−1, which is signiC-

cantly higher than both the median deposition rate (1.3 h−1) and 

the outdoor air ventilation rate (0.45 h−1). Therefore, as shown 

in Fig. 3, indoor NCA transformations are much more sensitive 

to CoagSrc, CoagSnk, and dN/dt values than the ventilation rate 

and indoor surface deposition loss rate coefCcient (Eq. 2).

Condensation of low volatility organic compounds (LVOCs) and 

semi-volatile organic compounds (SVOCs) is an important physic-

al process affecting size-resolved NCA particle dynamics for 

Fig. 2. Dynamics of combustion-derived NCA in the indoor atmospheric environment during gas cooking. A) Relationship between the 
propane-gas-cooking-emitted NCA emission factor (ENCA) and coagulation scavenging parameters, the aerosol Fuchs surface area (AFuchs) and net 
coagulation sink (CoagSnkNet), during the gas-stove-combustion period. The color of the markers represents CoagSnkNet. B) Relationship between 
size-integrated (1.18–3 nm) propane-gas-cooking-emitted NCA number concentrations (NNCA) and conventional indoor air pollution markers, PM2.5 mass 
concentrations, and NO + NO2 mixing ratios, during the gas-stove-combustion period. The color of the markers represents the PM2.5 mass concentrations.
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butter-based cooking processes (Fig. 3C, bottom panel). This effect 

is prominent because fat-based cooking activities emit a wide 

range of LVOCs and SVOCs that can partition between the gas 

and particle phases (43, 44). As a result, we observed very high 

condensational growth rates (GRCond,dp) of particles in the 3– 

25 nm size range (mean GRCond,dp = 48 nm h−1) during our butter- 

based propane-gas-cooking measurements, which are 5 to 50 

times higher than typical outdoor particle growth rates observed 

during new particle formation events (ranging from 1 to 

10 nm h−1 (45)). Additionally, during butter-based cooking meas-

urements, we observe a size-dependent behavior in GRCond,dp, 

with GRCond,dp increasing with increasing particle size. This sug-

gests the presence of additional condensable semi-volatile vapors 

for larger particle sizes. This study is the Crst to report the inclu-

sion of the condensational growth of particles in the aerosol 

GDE for indoor cooking processes. It is important to note that 

Fig. 3. Size-resolved evaluation of combustion-derived NCA dynamics in the indoor atmospheric environment during propane gas cooking. A) The 
apportionment of NCA source terms (apparent emission rate, coagulation source, and condensation source) and NCA loss terms (ventilation loss, 
deposition loss, coagulation loss, and condensation loss). The coagulation source region in this plot is computed as the product of CoagSrcdp and the 
volume of the Purdue zEDGE test house. The ventilation loss, deposition loss, coagulation loss, condensation loss, and condensation source are also 
computed as the product of Eqs. S7, S8, S9, S14 (Cond(d p, i )), and S14 (Cond(d p, i−1 )) and the volume of the Purdue zEDGE test house, respectively. These plots 
also present the cooking-emitted NCA number size distributions and CoagSnkNet for the NCA size fraction. The plot on the left presents the mean values 
across all small/moderate indoor CoagSnk cases and the plot on the right presents the mean values across all large indoor CoagSnk cases. B) The 
size-resolved condensational growth rate of particles emitted from butter-based propane-gas-stove cooking in the Purdue zEDGE test house. The values 
to the right of the dashed line in the plot were computed using the methods described in the supplementary material, while the values to the left of the 
dashed line represent a single-value extrapolation down to 1.18 nm. C) Size-resolved relative contribution of each NCA source term, NCA loss term, and 
the dN/dt term toward calculation of the apparent emission rate aggregated and averaged over the active propane-gas-combustion periods for (top) 
small/moderate indoor CoagSnk cases and (bottom) large indoor CoagSnk cases. Each y-axis is presented in logarithmic scale. All results for A–C are 
during the active propane-gas-combustion period of the measurements.
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while the condensation of these compounds affects the dynamics 

of particles in individual-size bins, when integrated over the entire 

NCA size fraction, the condensation sources and losses (Eq. 2) 

largely offset each other, resulting in only a minor contribution 

to the apparent emission rate over the entire size fraction. 

However, including condensational growth is crucial to under-

stand the dynamics of individual size bins. Thus, modeling the 

condensation process (including condensation sources and 

losses) is vital to explain how particles evolve at speciCc sizes, 

and these processes tend to cancel each other out when consider-

ing the collective particle population dynamics over a wide range 

of sizes.

Our measurements demonstrate that indoor concentrations of 

combustion-derived NCA cannot be accurately predicted using con-

ventional and widely used indoor air pollution markers, such as PM2.5 

mass concentrations and NOx (NO + NO2) mixing ratios (Fig. 2). While 

we observed the increase in NNCA to be associated with elevations in 

PM2.5 and NOx levels (Fig. 1), correlations between NNCA with the two 

were weak (Figs. S11 and S12). As illustrated in Fig. 2, for a 100-ppb 

change in NOx mixing ratios, propane-gas-cooking-emitted NCA 

number concentrations can vary by over Cve orders of magnitude. 

We normalized the apparent emission rates by NOx mixing ratios 

(Fig. S13) to show that propane-gas-stove-emitted NCA is not very 

sensitive to NOx emissions from propane gas combustion; the 

NOx-normalized ENCA,app further generalizes our results. While in-

door PM2.5 mass concentrations correlate with NCA coagulation 

scavenging parameters (CoagSnkNet, AFuchs; Fig. S11), they show no 

signiCcant dependency on NNCA (Pearson coefCcient <−0.4; 

Fig. S12). Our study provides evidence that indoor NCA emitted 

from propane gas cooking must be measured directly using high- 

resolution online nanoparticle instrumentation.

Comparison with previous atmospheric NCA 
studies
We have compared the results of our propane-gas-cooking meas-

urements with those from other atmospheric NCA studies, as illus-

trated in Fig. 4. The NCA emissions from our propane-gas-cooking 

measurements were comparable with those reported by Jathar 

et al. (20) for solid and gas fuel cookstoves (Fig. 4). Additionally, we 

have compared the emission factors from our propane-gas-cooking 

measurements with recently published NCA emission factors from 

exhaust emissions of internal combustion engines and outdoor 

near-road environments (Table S7). In general, our observed emis-

sion factors from propane gas cooking ranged from approximately 

equal to up to a thousand times greater than those listed in 

Table S7. Similar emission factors were found for modern diesel en-

gines at higher loads (2, 46) or in proximity to roadways during peak 

trafCc periods (2), thereby highlighting the environmental signiC-

cance of NCA emissions during indoor propane gas cooking.

Among all propane-gas-combustion measurements, the indoor 

CoagSnkNet was similar to or greater than that reported for urban 

outdoor air (Fig. 4). NCA number concentrations during propane 

gas cooking were only reduced when indoor CoagSnkNet >0.2 s−1; 

this is about 10-fold greater than that reported for urban air in 

the Pearl River Delta of China (outdoor CoagSnkNet: ∼0.02 s−1) 

(31). Similarly, the indoor aerosol Fuchs surface area during pro-

pane gas cooking (indoor AFuchs: ∼102
–104 µm2 cm−3) often ex-

ceeded that observed for urban air in Beijing, China (outdoor 

AFuchs: ∼102
–103 µm2 cm−3) (30). Our results show that the 

coagulation-scavenging potential of the indoor atmosphere often 

exceeds that of urban and forested outdoor environments during 

the active combustion period. Thus, determination of CoagSnk, 

CoagSnkNet, and AFuchs is needed to parameterize the primary 

loss mechanism for indoor NCA and to elucidate factors affecting 

the survival of newly formed sub-3 nm molecular clusters in build-

ings. In contrast to CoagSnkNet, AFuchs is computationally simple 

and is not a function of the Hamaker constant. As AFuchs scaled 

proportionally with CoagSnkNet (Fig. S11), AFuchs can be considered 

a reliable proxy for coagulation scavenging of indoor NCA.

Age-speci�c respiratory-tract-deposited dose 
rates for indoor atmospheric NCA produced 
during propane gas cooking
We show the evaluation of respiratory exposures to combustion- 

derived NCA during propane gas cooking in Fig. 5. SigniCcant for-

mation of indoor atmospheric NCA during propane gas cooking 

Fig. 4. Comparison with other atmospheric NCA studies: A) mean particle number size distributions (dN/dlogDp) during the active 
propane-gas-combustion period compared with dN/dlogDp reported for emissions from a LPG cookstove and solid fuel cookstoves (20); B) net coagulation 
sink (CoagSnkNet) during the active propane-gas-combustion period compared with the diurnal coagulation sink for 1 nm particles reported in the Pearl 
River Delta of China (Urban Diurnalb) (31) and boreal forest (Forest Diurnalc) (32); C) size-integrated (1.18–3 nm) NCA respiratory-tract-deposited dose 
rates (RD,NCA) for adults during the active propane-gas-combustion period compared with size-integrated NCA respiratory-tract-deposited dose rates for 
Indoor NPFd (1.2–500 nm) (1) and TrafCc NCAe (1.2–800 nm) (2). “A” and “B” in the axis labels and legends represent small/moderate and large indoor 
CoagSnk cases, respectively.
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resulted in large cumulative respiratory-tract-deposited doses 

(DNCA) of NCA in the head airways and tracheobronchial region 

(Figs. 1, 4, and 5). During a 20-min propane cooking period, DNCA 

ranged from about 10 billion to 1 trillion deposited NCA in the 

adult respiratory system (Fig. 1), with much of this dose attributed 

to sub-1.5 nm NCA (Fig. 5). DNCA was greater for small/moderate 

indoor CoagSnk cases compared with large indoor CoagSnk cases 

due to enhanced intermodal coagulation scavenging of NCA in the 

latter. Size-integrated indoor NCA dose rates (RD,NCA) were one to 

two orders of magnitude greater than what one would receive due 

to inhalation of trafCc-associated NCA in the outdoor environ-

ment (2) (Fig. 4). Such substantial doses and dose rates of indoor 

NCA from propane gas cooking are of concern, given the toxicity 

of Hame-generated NCA (13–15) and widespread use of gas com-

bustion in residential indoor spaces among the global population 

(25–27). Future Celd measurements of indoor atmospheric NCA 

down to 1 nm will help to establish relationships between NCA ex-

posures and respiratory health outcomes.

To investigate differences in the respiratory burden of 

combustion-derived NCA among children and adults, we deter-

mined age-speciCc weight-normalized NCA dose rates, expressed 

as dRD/dlogDp (min−1 kg−1) (Fig. 5). dRD/dlogDp increased with de-

creasing diameter for both age groups, demonstrating the import-

ance of accurate size classiCcation and detection of NCA from 1 to 

3 nm. Sub-1.5 nm weight-normalized NCA dose rates ranged from 

108 to 1011 min−1 kg−1 (Fig. 5). For both children and adults, the lar-

gest NCA dose was received in the head airways, followed by the 

tracheobronchial region, and then the pulmonary region (Fig. 5); 

this Cnding is consistent with the relative magnitude of the 

size-resolved deposition fraction curves for each respiratory tract 

region (Fig. S7). We found children to have higher weight- 

normalized NCA dose rates compared with adults (P < 0.05). The 

weight-normalized RD,NCA for children was greater than that for 

adults by about 2.3-fold for the head airways, 2.2-fold for the tra-

cheobronchial region, and 3.0-fold for the pulmonary region. 

These results are important given the documented associations 

between the use of indoor gas combustion and childhood asthma 

(47), as well as evidence suggesting that gas cooking may increase 

the risk of respiratory symptoms in European adults (48). 

Weight-normalized RD,NCA kernel density functions for both age 

groups across all propane-gas-cooking measurements exhibited 

a unique bimodal distribution that is characterized by a higher 

value mode associated with small/moderate indoor CoagSnk 

cases and a lower value mode associated with large indoor 

CoagSnk cases (Fig. 5). This result illustrates the important link-

age between NCA transformations and respiratory exposures, 

whereby accelerated NCA scavenging by larger atmospheric aero-

sol particles can reduce NCA doses.

Measurement uncertainties
The time evolution of the particle number size distributions for all 

12 experiments in this measurement campaign (Fig. S14) suggests 

experiment-to-experiment variability within the same experi-

mental category. This is expected, as realistic cooking experi-

ments were performed in a full-scale test house (49). However, 

despite the variability within each category, our results clearly 

show the suppression of NCA during the propane-gas-cooking pe-

riod for experiments with large coagulation sinks (Fig. S14, right 

column). To further reinforce this observation, the size-integrated 

NCA number concentrations are compared between small/mod-

erate coagulation sink and large coagulation sink experiments in 

Fig. S10. A one-tailed right t test was performed separately for 

these groups, assuming the null hypothesis that there is no signiC-

cant difference in the mean-size-integrated NCA number concen-

trations between the small/moderate and large coagulation sink 

experiments during propane gas cooking. The alternative hypoth-

esis holds that the mean-size-integrated NCA number concentra-

tion during propane gas cooking is higher in small/moderate 

coagulation sink experiments compared with large coagulation 

sink experiments. This was evaluated at a 95% CI.

The t tests indicate that there is no signiCcant difference in the 

mean-size-integrated NCA number concentrations between the 

small/moderate and large coagulation sink experiments during 

the Crst 6 min of propane gas cooking (P = 0.0619). However, after 

6 min and until the end of the cooking period, the t tests indicate 

that the mean-size-integrated NCA number concentrations are sig-

niCcantly higher in the small/moderate coagulation sink experi-

ments compared with the large coagulation sink experiments (P =  

10−5). Thus, Fig. S10 and the results of the t tests between the experi-

ments with small/moderate and large coagulation sinks show that 

although there is variability in the experiments within the same cat-

egory, as is inherent in full-scale realistic experiments, our PSMPS 

measurements demonstrate that propane-gas-combustion-emitted 

NCA during indoor cooking are inversely correlated with the coagu-

lation potential of the indoor atmosphere.

There are also measurement uncertainties associated with the 

PSMPS instrument used for monitoring indoor NCA. The particle 

size magniCer in the PSMPS uses diethylene glycol to activate 

NCA; this process can be sensitive to NCA composition (50). 

Additionally, the charger ions generated in the soft X-ray neutral-

izer serve as another source of uncertainty in our measurements. 

We have used a data-driven charger ion correction method for our 

analysis (as detailed in the supplementary material). However, 

this method is not perfect, and the results presented in this ana-

lysis are sensitive to the charger ion correction. For example, the 

sub-1.5 nm particle number size distributions obtained after turn-

ing off the gas stove, as shown in Fig. 1A, are elevated due to the 

charger ions. The elevations in particle number size distributions 

observed after turning off the gas stove can be attributed to char-

ger ions, as they disappear when the charger ion correction 

threshold is increased to the 99th percentile (Fig. S15). Even at 

the 99th percentile threshold, the plot distinctly shows particles 

during the active combustion period down to 1.18 nm. 

Considering the errors in size-integrated number concentrations 

between these two thresholds, there is an uncertainty of ∼48% 

in the sub-1.5 nm size bins and ∼2% in the 1.5–3 nm size bins in 

our measurements. This represents the maximum uncertainty, 

as the 99th percentile is a very conservative threshold.

Finally, while modeling ENCA,app, there is uncertainty associated 

with the Hamaker constant values used in the calculation of the 

coagulation parameters. In the boiling water experiments, where 

no condensational growth is expected, we adjusted the Hamaker 

constant values to obtain the best agreement for the coagulation 

growth rate obtained from the intramodal coagulation growth 

model (51) and from the mode-Ctting method (45). The best-Ct 

Hamaker constant was then used for the ENCA,app computations 

in the boiling water measurements. This method is a novel ap-

proach to estimate the Hamaker constant for aerosol processes 

primarily driven by coagulation. However, for butter-based cook-

ing experiments, this method was not suitable due to the conden-

sation of low-volatility organic vapors. Thus, we performed a 

sensitivity analysis for both CoagSnkNet and ENCA,app (Tables S4 

and S5) in the butter-based cooking experiments; the uncertainties 

are <20%. For the calculation of emission factors using CO2 data, 

the uncertainty in the emission factor calculation is <10% (20).
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Materials and methods

Overview of the �eld measurement campaign 
in the Purdue zEDGE test house
Field measurements of the formation and transformation of in-

door atmospheric NCA were conducted in a residential building 

—the Purdue zero Energy Design Guidance for Engineers 

(zEDGE) test house (52–56), as detailed in the supplementary 

material. We investigated NCA production during propane gas 

cooking, as discussed in the supplementary material. The indoor 

air mixing conditions of the test house were evaluated using 

four co-located battery-powered diffusion chargers (Model 

Pegasor AQ Indoor, Pegasor Oy, Tampere, Finland) (Fig. S3). 

Propane-gas-cooking experiments started at time zero, with two 

experimenters entering the Purdue zEDGE test house. During 

the initial 10 min, no activities were performed in the test house 

in order to establish a baseline concentration of indoor air pollu-

tants with people present. At the 10-min mark, the propane gas 

stove was ignited using an electronic handheld lighter. The cook-

ing process, as detailed in the supplementary material, was then 

carried out for the following 20 min. At the 30-min mark, the pro-

pane gas stove was shut down, and the experimenters exited the 

test house carrying the prepared food. Finally, we observed a de-

cay in the emitted air pollutants in the unoccupied test house 

over a period from 30 to 150 min. The test house was operated 

at a nominal outdoor air ventilation rate (0.45 h−1) typical of resi-

dential environments (Table S1). Similar to the HOMEChem Celd 

campaign (49), a kitchen vent hood was not operational during 

the measurements to represent their infrequent use in the 

United States (57).

High-resolution online nanoparticle 
measurements
Indoor atmospheric NCA number concentrations and size distri-

butions from 1.18 to 3 nm were measured in real-time using a nov-

el particle size magniCer—scanning mobility particle sizer 

(PSMPS; GRIMM Aerosol Technik Ainring GmbH & Co. KG, 

Ainring, Germany). The PSMPS is conCgured with a soft X-ray neu-

tralizer, a Vienna-type modiCed short-DMA (S-DMA), a diethylene 

glycol-based PSM (Model A10, Airmodus Ltd., Helsinki, Finland), 

and a butanol-based condensation particle counter. NCA number 

concentrations were corrected for the presence of charger ions 

and diffusional losses within the PSMPS, as discussed in the 

supplementary material. Larger particles were measured using a 

SMPS with a long-DMA (Model 3938NL88, TSI Inc., Shoreview, 

MN, USA) and a wideband integrated bioaerosol sensor (WIBS; 

Model WIBS-NEO, Droplet Measurement Technologies LLC, 

Longmont, CO, USA).

The PSMPS, SMPS, and WIBS measured particle number size 

distributions (dN/dlogDp; cm−3) for particles from 1.18 to 

55.7 nm (electrical mobility diameter), 13.1 to 572.5 nm (electrical 

mobility diameter), and 500 to 30,000 nm (optical equivalent 

diameter), respectively. The particle number size distributions 

from the PSMPS and SMPS in the overlapping size range (13.1 to 

55.7 nm) showed reasonable agreement (Fig. S16) and were 

Fig. 5. Evaluation of respiratory exposures to combustion-derived NCA during propane gas cooking: A) Mean weight-normalized, size-resolved NCA 
respiratory-tract-deposited dose rates (dRD/dlogDp) for children and adults during propane gas cooking for (left) small/moderate indoor CoagSnk cases 
and (right) large indoor CoagSnk cases. The error bars represent the standard errors across all measurements. B) Kernel density functions of 
weight-normalized, size-integrated (1.18–3 nm) NCA respiratory-tract-deposited dose rates (RD,NCA) for children and adults. The dose rates are 
apportioned by the respiratory tract region. The dose rates were calculated for each data point during the active propane-gas-combustion period of the 
measurements.
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merged using a moving average smoothing approach. A continuous, 

wide size-range particle number size distribution was obtained, span-

ning from 1.18 to 30,000 nm. This included PSMPS data alone from 

1.18 to 13.1 nm, moving average merged data from the PSMPS and 

SMPS from 13.1 to 55.7 nm, SMPS data from 55.7 to 500 nm, and 

WIBS data from 500 to 30,000 nm. Details about the data analysis 

are available in the supplementary material. NCA number concen-

trations (NNCA; cm−3) were calculated by size-integrating the particle 

number size distributions from 1.18 to 3 nm. The merged particle 

number size distributions (dN/dlogDp; cm−3) were converted to par-

ticle surface area size distributions (dS/dlogDp; µm2 cm−3) assuming 

spherical particles (dynamic shape factor: χ = 1) and particle mass 

size distributions (dM/dlogDp; µg m−3) assuming the particle effective 

densities listed in Table S2. The particle mass size distributions were 

then size-integrated from 1.18 to 2,500 nm to obtain PM2.5 mass con-

centrations (µg m−3) (58).

Other air quality instrumentation used during the Celd meas-

urement campaign included a NOx (NO and NO2) analyzer 

(Model 42C, Thermo Electron Corp., Waltham, MA, USA), a CO2 

analyzer (Model LI-830, LI-COR Biosciences, Lincoln, NE, USA), 

and a handheld humidity and temperature meter (Model HM70, 

Vaisala Oyj, Helsinki, Finland).

Size-resolved indoor atmospheric NCA dynamics 
model
To facilitate generalization of the combustion-derived NCA re-

sults to different indoor atmospheric environments, the 

size-integrated indoor atmospheric apparent NCA emission rate 

(ENCA,app; min−1) was estimated from the discrete aerosol GDE 

(28, 29) as shown in Eq. 1:

ENCA,app = V×

∑

dp=3 nm

dp=1.18 nm

(

dNdp,i

dt
+ Ventilation loss + Deposition loss

+ Coagulation loss + Condensation loss

−Coagulation source−Condensation source

)

(1) 

Expanding each term in Eq. 1, ENCA,app can be written (as described 

in the supplementary material) as shown in Eq. 2:

ENCA,app = V ×

∑

dp=3 nm

dp=1.18 nm

dNdp,i

dt
+kvent ×Ndp,i

+ kdep, dp
×Ndp,i

+ CoagSnkdp
× Ndp,i

−CoagSrcdp
+ Conddp,i

−Cond(dp,i−1)









(2) 

where V is the well-mixed interior volume of the Purdue zEDGE 

test house (cm3) and Nd p,i 
is the number concentration (cm−3) in 

size bin i. All particles in a size bin i are characterized by the mid-

point diameter, dp, which represents the average diameter be-

tween the boundaries of the bin. Table S8 provides the bin 

boundaries and the midpoint diameters of the NCA size bins of 

the PSMPS. dNd p,i
/dt is the time derivative of Nd p,i 

(cm−3 min−1); 

kvent is the outdoor air ventilation rate (min−1); kdep,dp 
is the size- 

dependent Crst-order deposition loss rate coefCcient of particles 

at size dp (min−1); CoagSnkdp 
is the coagulation sink of particles 

at size dp (min−1); and CoagSrcdp 
is the coagulation source of par-

ticles at size dp (cm−3 min−1). The coagulation sink (CoagSnkdp
) is 

the rate at which particles at size dp are scavenged due to coagu-

lation, and is calculated as shown in Eq. 3:

CoagSnkdp
=

∑

d′

p=2,500 nm

d′

p=1.18 nm
kcoag(dp, d′

p) × Nd′

p,i
(3) 

where kcoag(dp, d′

p) is the coagulation coefCcient between particles 

at sizes dp and d′

p (cm3 min−1), and is obtained using the Brownian 

and van der Waals viscous forces coagulation model (59), and Nd′

p,i 

is the number concentration in size bin i with midpoint diameter 

d′

p. The formation of particles due to coagulation among smaller 

particles (CoagSrcdp
) is expressed as shown in Eq. 4:

CoagSrcdp
=

∑ d′

p , d′′

p < dp

d3
p= d′

p
3
+d′′

p
3 0.5 × kcoag(d′

p, d′′

p) × Nd′

p,i
× Nd′′

p,j
(4) 

where d′

p and d′′

p are particles with sizes smaller than dp which co-

agulate to form particles at size dp, and Nd′

p 
and Nd′′

p 
are the corre-

sponding number concentrations in size bins i and j with midpoint 

diameters d′

p and d′′

p, respectively. Since the smallest bin in which 

the PSMPS can detect particles is characterized by dp = 1.18 nm, 

the lower limit of the coagulation source term that can be factored 

in is derived from the self-coagulation of particles in the smallest 

detectable size bin, resulting in particles at size dp = 1.46 nm. 

Thus, the coagulation source is only computed for particles at 

sizes >1.46 nm, and thus, the computation of apparent emission 

rates for sizes <1.46 nm does not feature the coagulation source 

term.

The net difference between CoagSnkdp 
and CoagSrcdp

, repre-

sented as CoagSnkNet,dp 
(min−1), effectively captures the coagula-

tion scavenging effect of particles at size dp (29). CoagSnkNet,dp 
is 

calculated as shown in Eq. 5:

CoagSnkNet,dp
= CoagSnkdp

−

CoagSrcdp

Nd p,i

(5) 

In this study, CoagSnkNet represents the median value of 

CoagSnkNet,dp 
for 1.18 nm <dp< 3 nm. In addition to CoagSnkNet, 

the effect of coagulation scavenging was parametrized by the 

aerosol Fuchs surface area (AFuchs; µm2 cm−3), calculated as 

shown in Eq. 6:

AFuchs=
4π
3
∫dp=2,500 nm

dp=1.18 nm d2
p ×

Kn + Kn2

1 + 1.71Kn + 1.33Kn2

( )

×
dN

dlogDp
dlogDp

(6) 

where Kn is the particle Knudsen number.

The condensation loss of particles at size dp is the 

condensational particle Hux from the size bin i, with 

midpoint diameter dp, to the next size bin due to the conden-

sation of low-volatility cooking vapors (32). This is parame-

trized as shown in Eq. 7:

Condd p,i
=

GRdp

Δd p,i
× Nd p,i

(7) 

Similarly, the condensation source of particles in a size bin i, 

with midpoint diameter dp, is the condensational particle 

Hux from the previous size bin (Cond(dp,i−1)). In Eq. 7, Δd p,i is 

the width of the size bin i and GRdp 
is the net condensational 

growth rate of particles at size dp (GRCond,dp
; nm min−1), calcu-

lated using the mode-Ctting method and is corrected for the 

growth rate due to intramodal coagulation (GRCoag,dp
; nm 

min−1) and intermodal coagulation (GRScav,dp
; nm min−1) (45), 

as detailed in the supplementary material. Condensational 

particle growth is considered only in butter-based cooking ex-

periments (buttermilk pancakes and grilled cheese) due to the 
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emissions of low-volatility cooking vapors (44). However, in the 

boiling water experiments, condensational growth is ignored 

because of the absence of a low-volatility vapor source and 

the nonhygroscopic nature of freshly nucleated soot particles 

(60) in the observed RH range (Fig. S17).

Additionally, the particle number size distributions (dN/dlogDp; 

cm−3) and the size-integrated NCA number concentrations 

(NNCA; cm−3) were converted into emission factors using Eq. 8 as 

follows (20):

EX =
ΔX

ΔCO2
×

MWCO2

AWC
× Cf × 1015 (8) 

where ΔX is the background corrected particle number size distri-

butions or size-integrated NCA number concentrations; ΔCO2 is 

the background corrected CO2 concentration in the test house in 

μg m−3; MWCO2 and AWC are the molecular weight of CO2 and 

atomic weight of carbon, respectively; and Cf is the mass fraction 

of carbon in the propane fuel (assumed as 0.85 g kg-fuel−1 (20)). 

Additional details on this formulation are provided in the 

supplementary material.

Finally, age-speciCc size-resolved respiratory-tract-deposited 

dose rates (dRD/dlogDp; min−1) for propane-gas-stove-cooking- 

emitted NCA were estimated as shown in Eq. 9:

dRD

dlogDp
= Q × DFdp

×
dN

dlogDp
(9) 

where Q is the inhalation rate (m3 min−1) and DFdp 
is the 

size-resolved deposition fraction of particles in each respiratory 

tract region (head airways, tracheobronchial, pulmonary), as de-

tailed in the supplementary material. dRD/dlogDp was size inte-

grated from 1.18 to 3 nm to obtain the NCA respiratory- 

tract-deposited dose rate (RD,NCA; min−1), and further integrated 

over time to obtain the cumulative respiratory-tract-deposited 

dose (DNCA). The dose-rate parameters were then normalized by 

the body weights of children and adults as min−1 kg−1 (61), as de-

tailed in the supplementary material.

Supplementary Material

Supplementary material is available at PNAS Nexus online.
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