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• Electric induction and gas stove cooking 
both generate ~107 nanoparticles cm− 3.

• Sub-3 nm nanocluster aerosol is abun
dant during high-temperature oil-based 
cooking.

• Daily inhalation dose reaches ~1012 

nanoparticles under electric and com
bustion use.

• Indoor-to-outdoor nanoparticle fluxes 
rival or exceed urban traffic emissions.

• Building electrification alone is unlikely 
to reduce indoor nanoparticle pollution.
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A B S T R A C T

Indoor-originated nanoparticles are an emerging class of hazardous airborne contaminants with the capacity to 
penetrate deep into the respiratory system and translocate to sensitive organs. Use of electric appliances is widely 
promoted to improve indoor and outdoor air quality, yet their implications for nanoparticle emissions during 
residential cooking, particularly under oil-based, high-temperature conditions, remain poorly understood. Using 
a controlled residential test house, we conducted the first size-resolved comparison of nanoparticles down to 
1 nm emitted during full-day household activities performed exclusively with combustion- or electric-based 
appliances. High-temperature, oil-based electric induction cooking generated peak nanoparticle concentrations 
on the order of 107 nanoparticles cm-3, comparable to high-temperature, oil-based gas stove cooking. Both 
produced abundant sub-3 nm nanocluster aerosol (NCA) that accounted for > 80% of total nanoparticle counts 
during active emission periods. Across full-day activity cycles, electric and combustion appliances yielded similar 
cumulative nanoparticle emissions and inhalation exposures, with daily respiratory tract deposited doses 
reaching approximately 1012 deposited nanoparticles under both appliance scenarios. Furthermore, modeled 
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indoor-to-outdoor nanoparticle fluxes were substantial for both appliance types (1012–1013 nanoparticles min-1), 
and building-footprint-normalized fluxes from electric-appliance use (1010–1011 nanoparticles m-2 min-1) 
exceeded reported urban traffic nanoparticle fluxes. These findings demonstrate that non-combustion, thermally 
driven processes can generate intense bursts of indoor atmospheric nanoparticles and NCA, challenging the 
assumption that residential electrification universally reduces nanoparticle pollution. Effective mitigation stra
tegies must therefore address primary and secondary nanoparticle sources in residential environments and the 
size-dependent exposure and indoor-to-outdoor transport processes revealed here.

1. Introduction

Indoor air pollutant emissions do not stay indoors: they are vented 
outdoors, where they add to urban air pollution burdens. A recent study 
reported that residential electrification in California, U.S. reduced air 
pollutant emissions and ambient fine particulate matter concentrations 
[1]; however, those reductions were inferred mainly from decreases in 
nitrogen oxides, even though particles can also arise from heated or
ganics [2] that do not produce nitrogen oxides. Thus, the extent to which 
electrification delivers the expected reductions in ambient particle 
concentrations remains uncertain. Moreover, while interest in electric 
appliances is often driven by the belief that they improve air quality, 
their effectiveness in reducing indoor atmospheric nanoparticle emis
sions has not been systematically assessed under typical residential 
conditions. Most Americans (60%) prefer homes in which major appli
ances are powered by electricity, according to a recent nationally 
representative survey, underscoring growing interest in residential 
electrification [3]. Quantifying the impact of electrification on ambient 
nanoparticle pollution in urban environments therefore requires direct, 
field-based measurements comparing combustion and electric 
appliances.

Combustion appliances indeed produce substantial concentrations of 
indoor-originated nanoparticles, including nanocluster aerosol (NCA; 
nanoparticles smaller than 3 nm) [4,5]. In response, electric induction 
cooktops have gained attention as cleaner alternatives, presumed to 
eliminate combustion-related pollutants. However, the smallest nano
particle size characterized during isolated induction cooking is 
approximately 5.6 nm [6], leaving potentially significant emissions of 
smaller NCA unexamined. This gap in characterization may lead to a 
substantial underestimation of total indoor-originated nanoparticles 
released from electric induction cooking, especially given recent find
ings suggesting that most indoor-originated nanoparticles emitted dur
ing active emission periods fall within the sub-3 nm NCA size range [4,7, 
8]. This previously uncharacterized size range presents unique health 
concerns due to their high deposition rates within the human respiratory 
tract, their ability to penetrate biological membranes, and potential 
systemic translocation to vital organs [4,9,10].

Beyond residential cooking appliances, indoor atmospheric nano
particle emissions are influenced by numerous other everyday activities 
involving fragranced chemical products, such as cleaning agents, skin 
and hair care products, scented candles, and air fresheners [2,7,8, 
11–14]. Recent research underscores that scented volatile chemical 
products (sVCPs), through reactions with indoor atmospheric oxidants 
like ozone, can generate substantial amounts of indoor atmospheric 
nanoparticles [7]. While such secondary nanoparticle formation has 
been acknowledged, systematic evaluations of how substituting 
combustion-based sVCPs (for example, scented candles) with electric 
alternatives (such as wax warmers) affects nanoparticle emissions are 
still lacking. Additionally, most previous studies have examined 
indoor-originated nanoparticle emissions from these products in isola
tion, neglecting their potential interactions when multiple emission 
sources coexist in realistic home scenarios.

In this study, we provide the first comprehensive and systematic 
assessment of indoor-originated nanoparticle emissions, inhalation ex
posures, and indoor-to-outdoor nanoparticle fluxes from everyday 
household activities, comparing combustion-based sources against 

electric-based alternatives within a fully controlled residential envi
ronment. By employing a two-stage particle size magnifier–scanning 
mobility particle sizer (PSMPS) [15], we measured indoor-originated 
nanoparticles across a broad size range, detecting indoor atmospheric 
nanoparticles as small as 1 nm. We conducted typical daily activities 
such as high-temperature, oil-based cooking, cleaning, and using 
scented consumer products, comparing days that exclusively used either 
combustion- or electric-based appliances. This approach allowed us to 
capture the complex, dynamic nature of indoor-originated nanoparticle 
emissions, inhalation exposures, and indoor-to-outdoor nanoparticle 
transport, and to assess whether electric alternatives provide a mean
ingful reduction in nanoparticle pollution under the conditions exam
ined in the study.

2. Materials and methods

2.1. Experimental design

We assessed indoor-originated nanoparticle emissions from both 
combustion- and electric-based appliances within the Purdue zero En
ergy Design Guidance for Engineers (zEDGE) test house (interior volume 
= 60.35 m3) [2,4,7,8,11–14]. A ductless single-zone heating and cooling 
system (Model FTX12NMVJU, Daikin North America LLC, Houston, TX, 
U.S.) and a portable air conditioning unit with an exhaust duct (Model 
QPCA08JAMWG1, Haier, Louisville, KY, U.S.) maintained climate con
trol of the test house (nominal indoor air temperature = 20◦C (68 ◦F)). 
The test house also features a variable-speed powered ventilator 
equipped with dual MERV 13 filters, allowing for the intake of filtered 
outdoor air. Ventilation settings on both the powered ventilator and the 
portable air conditioning unit were adjusted to achieve targeted outdoor 
air exchange rates, which were monitored daily using a carbon dioxide 
(CO2) tracer gas injection and decay method. To ensure uniform air 
distribution, four mixing fans were deployed throughout the interior 
volume of the test house. Previous tests confirmed that indoor atmo
spheric nanoparticle concentrations were well mixed under these con
ditions [4].

We conducted activities in the test house under two categories: iso
lated stove use and full-day realistic household activities. The isolated 
stove use activities included boiling water and cooking grilled cheese 
sandwiches. The procedure for boiling water and cooking grilled cheese 
sandwiches is detailed in Patra et al. [4]. Each activity was conducted 
once using a propane gas stove and once using an electric induction 
stove, with two occupants in the test house. The test house features a 
kitchen area where the induction stove is installed. For activities 
involving the propane gas stove, the same kitchen area was used by 
placing the gas stove on top of the induction stove, with the induction 
stove covered. The electric induction stove settings were selected to 
raise the water temperature to the same level in the same amount of time 
as the gas stove. Each isolated stove use activity was repeated in tripli
cate. The nominal outdoor air ventilation rate for all twelve of these 
isolated stove use activities was 0.4 air changes h-1.

In addition to the twelve isolated stove use activities, we conducted 
three additional (in triplicate) isolated boiling water activities using the 
gas stove, with the kitchen exhaust hood turned on. The kitchen exhaust 
hood in the test house (Model UXW7324BSS1, Whirlpool Corporation, 
Benton Harbor, MI, U.S.) is a variable-speed unit with three settings, 
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venting indoor air to the outdoors. The volumetric airflow rates for all 
three settings are shown in Figure S1. For this activity, the kitchen 
exhaust hood was operated at the medium flow setting. All fifteen iso
lated stove use activities included a 10-minute background period with 
occupants present and no activities performed, a 20-minute stove-active 
period, and a 120-minute nanoparticle decay period.

The full-day realistic household activities included typical tasks 
commonly performed in homes, such as cooking, cleaning, and using 
personal care products. A key feature of our approach was that we 
repeated the same set of activities on two separate days, once using only 
combustion-based appliances and once using only electric-based appli
ances. This allowed for a direct comparison of indoor-originated nano
particle emissions between the two energy sources. Occupancy in the 
test house ranged from zero to a maximum of four people, reflecting 
typical household patterns. We carried out these activities in a manner 
consistent with how they would naturally occur in a real home. The 
nominal outdoor air ventilation rate was 6.5 air changes h− 1 on both 
days. Table S1 summarizes the activities performed on the combustion- 
based appliance day, and Table S2 summarizes those from the electric- 
based appliance day.

2.2. Online indoor atmospheric nanoparticle measurements

We used two state-of-the-art indoor atmospheric nanoparticle 
detection technologies: a standard scanning mobility particle sizer 
(SMPS) and a newly commercialized two-stage particle size magni
fier–scanning mobility particle sizer (PSMPS). These instruments facil
itated direct measurements of indoor-originated nanoparticles in real- 
time during all isolated stove use and full-day realistic household ac
tivities in the test house.

The newly commercialized PSMPS is capable of electrical-mobility- 
based atmospheric nanoparticle measurements as small as 1 nm [15]. 
It combines several specialized components: a soft X-ray neutralizer 
(Model 5524-X, GRIMM Aerosol Technik Ainring GmbH & Co. KG, 
Ainring, Germany), a modified short Vienna-type differential mobility 
analyzer (S-DMA; GRIMM Aerosol Technik Ainring GmbH & Co. KG, 
Ainring, Germany), a diethylene glycol-based particle size magnifier 
(Model A10, Airmodus Ltd., Helsinki, Finland), and a butanol-based 
condensation particle counter (Model 5417, GRIMM Aerosol Technik 
Ainring GmbH & Co. KG, Ainring, Germany). The instrument captures a 
new nanoparticle number size distribution every 120 s. Patra et al. [4]
provide a detailed overview of its configuration and operation.

The standard SMPS comprised a Kr-85 bi-polar charger (370 MBq, 
Model 3077 A, TSI Inc., Shoreview, MN, U.S.), a long differential 
mobility analyzer (Model 3081, TSI Inc., Shoreview, MN, U.S.), and a 
water-based condensation particle counter (Model 3788, TSI Inc., 
Shoreview, MN, U.S.) [16,17]. It enabled similar 
electrical-mobility-based measurements of indoor atmospheric nano
particles and recorded a new nanoparticle number size distribution 
every 120 s. In this study, the lower and upper detection limits for 
indoor-originated nanoparticles were 13.1 nm and 572.5 nm for the 
standard SMPS, and 1.26 nm and 51.4 nm for the PSMPS. Figure S2
shows the layout of the indoor-originated nanoparticle measuring in
struments in the test house.

2.3. Indoor atmospheric nanoparticle data analysis

We merged indoor-originated nanoparticle number size distributions 
from both the SMPS and PSMPS using a weighted average in the over
lapping size range (13.1–51.4 nm) to obtain continuous, wide-range 
indoor-originated nanoparticle size distributions from 1.26 to 
572.5 nm. The standard SMPS and PSMPS have been reported to agree 
well with each other in the overlapping size range [4]. For example, in 
our measurements of a representative gas stove combustion event, the 
correlation coefficients between the two instruments were 0.94, 0.99, 
and 0.94 during the background, active combustion, and 

post-combustion periods, respectively, confirming consistent agreement 
across all phases.

PSMPS measurements in the sub-3 nm NCA size range are influenced 
by instrument-generated charger ions [4,18,19]. Previous studies have 
developed a data-driven correction method that uses a threshold value 
derived from background and decay measurements [4,7]. For isolated 
stove use activities, we applied a similar charger ion correction method 
using the 99th percentile of sub-3 nm NCA number size distributions 
measured during the background period and at the end of the decay 
period.

In contrast, full-day realistic household activities did not feature 
distinct background and decay periods. Therefore, we used time periods 
prior to specific emission events, when no activities were occurring, to 
calculate the 99th percentile threshold for charger ion correction of the 
subsequent activity (Figure S3). Using a high 99th percentile threshold 
increases confidence in the corrected sub-3 nm NCA number size dis
tribution [20]. Details of the charger ion correction method are available 
elsewhere [4,7]. All indoor-originated nanoparticle number size distri
butions presented and used in the subsequent analysis underwent sub-3 
nm charger ion correction. We size-integrated the charger ion-corrected 
indoor-originated nanoparticle number size distributions across specific 
size fractions to obtain nanoparticle counts within defined ranges. 
Throughout the analysis, three size-integration intervals were used: 
nanocluster aerosol (NCA; 1.26–3 nm), 3–100 nm, and 100–500 nm.

Indoor-to-outdoor nanoparticle fluxes [ΦI→O; nanoparticles min− 1]

for the full-day activities were estimated using Eq. 1 [21]: 

ΦI→O =

∫ 572.5 nm

1.26 nm

(
dN

dlogDem
•

kvent

60
• V • ηDem

)

• dlogDem (1) 

In Eq. 1, dN
dlogDem

[cm− 3] is the charger ion-corrected indoor-originated 
nanoparticle number size distribution, kvent [h− 1] is the nominal outdoor 
air ventilation rate (6.5 air changes h-1), V [cm3] is the volume of the test 
house, and ηDem 

is the size-dependent indoor-originated nanoparticle 
transmission efficiency through the kitchen exhaust pathway. ηDem 

was 
modeled based on turbulent diffusive nanoparticle losses in the kitchen 
exhaust pathway, as described in Eqs. 2–4 [22]: 

ηDem
= e− ξDem •ShDem (2) 

where, 

ξDem =
π • DDem • L

Q
(3) 

and 

ShDem = 0.0118 • Ref
7
8 • ScDem

1
3 (4) 

Ref is the airflow Reynolds number; ScDem is the nanoparticle Schmidt 
number [22]; ShDem is the nanoparticle Sherwood number [22]; DDem is 
the nanoparticle diffusion coefficient, estimated using the Sto
kes–Einstein–Sutherland relation (with Cunningham slip correction) 
[23]; Q is the kitchen exhaust volumetric airflow rate, estimated using 
the volume of the test house and the nominal outdoor air ventilation 
rate; and L is the kitchen exhaust pathway length; in this analysis, a 
conservative value corresponding to the maximum recommended by 
ANSI/ASHRAE Standard 62.1(8 m with 3 elbows) was assumed, 
yielding an equivalent length of 15 m. We intentionally adopted a 
conservative transport assumption; therefore, the estimated fluxes re
ported here can be interpreted as a lower bound of indoor-originated 
nanoparticle fluxes to the outdoor environment. The resulting conser
vative, size-dependent transmission efficiency for indoor-originated 
nanoparticles is shown in Figure S4.

Finally, we quantified indoor-originated nanoparticle inhalation 
exposure risks by calculating cumulative respiratory tract deposited 
doses across three distinct regions of the adult respiratory tract: head 
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airways, tracheobronchial region, and pulmonary region. We followed 
established methods from the literature [24,25]. Briefly, we calculated 
size-resolved respiratory tract deposited dose rates by multiplying the 
measured indoor-originated nanoparticle number size distributions by 
the inhalation rate and the size-resolved nanoparticle deposition frac
tions for each respiratory tract region. We obtained deposition fractions 
for an adult using the age-specific open-source Multiple-Path Particle 
Dosimetry (MPPD) model (v3.04, Applied Research Associates Inc., 
Albuquerque, NM, U.S.) [26]. We then integrated the size-resolved 
respiratory tract deposited dose rates over the 1.26–500 nm size range 
and over time to determine the cumulative respiratory tract deposited 
doses.

3. Results and discussion

3.1. Indoor atmospheric nanoparticle emissions during isolated cooking 
activities: stove type comparisons and kitchen exhaust hood effectiveness

We directly measured indoor-originated nanoparticle emissions 
down to ~1 nm in a residential test house (the Purdue zEDGE test house) 
designed to accommodate both propane gas and electric induction 
stoves. Indoor-originated nanoparticles were characterized using a 
standard SMPS and a recently developed two-stage PSMPS, which 
enabled real-time detection and sizing of nanoparticles as small as 1 nm. 
To evaluate stove-specific emissions, we compared nanoparticles 

released into air during two selected cooking activities, boiling water 
and cooking grilled cheese sandwiches, under identical isolated condi
tions. This study provides the first size-resolved assessment of indoor 
atmospheric nanoparticle emissions during electric induction cooking 
with measurements extending down to 1 nm.

High-temperature, oil-based cooking on the electric induction stove 
significantly elevated indoor atmospheric nanoparticle concentrations, 
with nanoparticle counts in the 1.26–500 nm size range exceeding 107 

nanoparticles cm-3, more than 2000 times above the background level 
(~5 ×103 nanoparticles cm-3) (Fig. 1, bottom row). These emissions 
primarily resulted from high-temperature butter cooking during the 
preparation of grilled cheese sandwiches [27]. Notably, nanoparticle 
release was delayed until the pan reached temperatures sufficient to 
trigger fat breakdown, likely producing glycerol and free fatty acids [28, 
29]. These compounds can further decompose into lower-volatility or
ganics that serve as precursors for nanoparticle formation [30–32]. The 
emitted nanoparticles persisted in indoor air at high concentrations, 
with nanoparticles as small as 1 nm staying both stable and abundant 
during the cooking period (Fig. 1, bottom row).

Interestingly, boiling water on the electric induction stove did not 
generate any detectable indoor atmospheric nanoparticles (Fig. 1, top 
row), highlighting that high-temperature, fat-based cooking specifically 
drives nanoparticle formation with electric induction stoves. Therefore, 
the electric induction stove itself is not a direct source of nanoparticles; 
rather, oil-based cooking on the induction stove generates indoor 

Fig. 1. Time-resolved evaluation of indoor-originated nanoparticle emissions from isolated electric induction and gas stove use. The nanoparticle number size 
distributions in the left column present representative examples, while the size-integrated nanoparticle number concentrations in the right column show median 
values across similar activities. These activities include: (top row) boiling water on the electric induction stove; (second row) boiling water on the gas stove; (third 
row) boiling water on the gas stove with the kitchen exhaust hood operating at the medium setting (~167 ft3 min-1 (283 m3 h-1)); (fourth row) cooking grilled cheese 
sandwiches on the gas stove; and (bottom row) cooking grilled cheese sandwiches on the electric induction stove. The size-integrated number concentrations are 
color-coded according to their corresponding size-integration intervals: nanocluster aerosol (NCA; 1.26–3 nm), 3–100 nm, and 100–500 nm. In each activity, the 
stove was turned on at the 10-minute mark. The nanoparticle number size distributions for all fifteen isolated electric induction and gas stove use activities (trip
licates of each of the five categories) are presented in Fig. S5.
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atmospheric nanoparticles. Gas stoves, in contrast, are widely recog
nized nanoparticle sources due to the presence of an open flame, which 
directly emit indoor atmospheric nanoparticles as small as 1 nm [4,5]. 
Consistent with previous findings, we observed substantial indoor at
mospheric nanoparticle emissions from gas stoves during both boiling 
water and cooking grilled cheese sandwiches (Fig. 1, second and fourth 
rows). However, under fat-based, high-temperature cooking conditions, 
indoor-originated nanoparticle emissions from the electric induction 
stove reached concentrations comparable to those from the gas stove, 
suggesting that emissions are also driven by the cooking process rather 
than the energy source alone (Fig. 2, left column).

Peak nanoparticle concentrations while cooking grilled cheese 
sandwiches were of similar order of magnitude across stove types 
(~9 × 107 nanoparticles cm-3 for the gas stove, ~4 × 107 nanoparticles 
cm-3 for the electric induction stove). These results challenge the com
mon assumption in policy discussions that replacing gas stoves with 
electric induction alternatives inherently eliminates nanoparticle emis
sions. While electric induction stoves remove flame-related nanoparticle 
emissions (as confirmed by negligible nanoparticles detected during 
water boiling on the induction stove), they do not necessarily result in 
lower nanoparticle levels during the high-temperature, oil-based cook
ing conditions examined in this study. The comparable emissions 
observed between gas and electric induction cooking under these con
ditions suggest that nanoparticle formation is also driven by cooking 
processes, particularly the thermal decomposition of oils, rather than the 
energy source alone. These findings highlight the importance of 
considering cooking-related emissions when evaluating indoor nano
particle exposures in residential environments.

NCA, nanoparticles measuring 1–3 nm in diameter, represent an 
understudied yet significant class of indoor-originated nanoparticles 
with unique health implications due to their high respiratory deposition 
and potential translocation from the lungs to other organs, including the 
brain [9,10]. Typically, NCA emissions are associated with combustion 
processes or oxidation of reactive gases such as terpenes [4,7,8]. Here, 
we identify a prevalent but previously unrecognized NCA source: 
high-temperature, fat-based cooking, even without combustion. During 
gas stove use, NCA arise both directly from flames and indirectly from 
cooking processes, evident from their release during both water boiling 
and grilled cheese sandwich cooking (Fig. 2, middle column). By 
contrast, electric induction stoves emit NCA exclusively during 
high-temperature, fat-based cooking, as no NCA were detected during 

water boiling (Fig. 2, middle column). Remarkably, sub-3 nm NCA 
emissions exceeded 107 NCA cm-3 for both stove types during 
high-temperature, oil-based cooking, comprising over 80% of total 
indoor-originated nanoparticle counts (Fig. 2, middle and right col
umns). These results indicate that NCA originate from two distinct in
door sources: combustion processes and high-temperature, oil-based 
cooking. The latter is confirmed as an independent source by the 
absence of NCA during induction water boiling, with intense emissions 
arising under high-temperature, fat-based cooking conditions regardless 
of energy source.

Using a kitchen exhaust hood is widely recommended to reduce the 
persistence of indoor air pollutants during stove operation [33,34]. In 
our study, kitchen exhaust hood use reduced indoor-originated nano
particle concentrations, including the sub-3 nm NCA size fraction, by 
approximately 85% (Fig. 1, third row; Fig. 2, left and middle columns; 
see Section 2.1 for kitchen exhaust hood details). However, due to the 
magnitude of nanoparticle emissions, indoor nanoparticle levels still 
exceeded 106 nanoparticles cm-3 even after this reduction. Kitchen 
exhaust hood use, however, primarily transfers the nanoparticle burden 
from indoor to outdoor air, forming an important outdoor nanoparticle 
source that exacerbates urban atmospheric nanoparticle concentrations 
(see Section 3.4). Thus, while kitchen exhaust hoods substantially lower 
indoor nanoparticle concentrations, exposure can remain elevated due 
to the magnitude of nanoparticle emission rates, and hood use alone may 
be insufficient to fully mitigate indoor exposure risks.

Collectively, the findings discussed in this section refine our under
standing of nanoparticle emissions from high-temperature, oil-based 
cooking. While this section focused on isolated cooking events, the next 
explores how indoor-originated nanoparticle emissions evolve across 
the full span of a day, considering both combustion and electric 
alternatives.

3.2. Combustion vs. electric household appliances: real-world comparison 
reveals complex indoor-originated nanoparticle pollution trade-offs

Isolated cooking activities demonstrated comparable nanoparticle 
emissions between electric induction and gas stoves under high- 
temperature, oil-based cooking conditions, suggesting that the cooking 
process itself, rather than energy source alone, drives emissions. How
ever, isolated activities cannot capture the complete picture of daily 
residential nanoparticle pollution. Therefore, we used the Purdue 

Fig. 2. Median and size-integrated indoor-originated nanoparticle emissions during isolated electric induction and gas stove use. (left column) Median indoor- 
originated nanoparticle number size distributions during the source emission period for isolated electric induction and gas stove use activities. The shaded area 
represents the 25th–75th percentile range. (middle column) Boxplots of size-integrated (1.26–3 nm) nanocluster aerosol (NCA) number concentrations during the 
source emission period for isolated electric induction and gas stove use activities. (right column) Median contribution of each size fraction (nanocluster aerosol (NCA; 
1.26–3 nm), 3–100 nm, and 100–500 nm) to the total indoor-originated nanoparticle number concentration during the source emission period for isolated induction 
and gas stove use activities. The letters on the x-axis represent – A: boiling water on the electric induction stove; B: boiling water on the gas stove; C: boiling water on 
the gas stove with the kitchen exhaust hood operating at the medium setting (~167 ft3 min-1 (283 m3 h-1)); D: cooking grilled cheese sandwiches on the gas stove; 
and E: cooking grilled cheese sandwiches on the electric induction stove.
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zEDGE test house to replicate typical daily household activities sys
tematically, once exclusively with electric-based appliances and once 
with combustion-based appliances (Tables S1 and S2). Indoor- 
originated nanoparticle emissions were continuously monitored 
throughout each day with the PSMPS and SMPS, enabling a direct, real- 
world comparison of nanoparticle pollution across energy systems.

The first comparison focused on coffee preparation: boiling water 
using a gas stove vs. brewing coffee with an electric coffee pot. While the 
electric coffee pot showed no detectable increase in indoor-originated 
nanoparticle emissions (Fig. 3), boiling water on the gas stove signifi
cantly elevated nanoparticle concentrations, exceeding 105 nano
particles cm-3, particularly below 10 nm. Therefore, the electric coffee 
pot provided a significant advantage over the traditional method of 
boiling water on a gas stove, effectively eliminating a burst of indoor- 
originated nanoparticle emissions.

Next, we examined breakfast preparation, comparing pancakes 
cooked on a gas stove against waffles prepared using an electric waffle 
maker, alongside lemonade preparation. Lemonade preparation 
involved squeezing lemons, emitting limonene, a reactive terpene 
known to rapidly react with indoor atmospheric ozone and initiate new 
particle formation events that form nanoparticles as small as ~1 nm, 
growing swiftly to ~100 nm [7,35,36]. On both test days, lemonade 
preparation alone elevated indoor-originated nanoparticle concentra
tions to over 106 nanoparticles cm-3, underscoring a critical 
non-combustion nanoparticle source in the kitchen. Even more impor
tantly, residual limonene present in indoor air perpetuated continuous 
nanoparticle formation long after lemon squeezing had ended, sustain
ing elevated sub-3 nm NCA concentrations through repeated bursts of 
nucleation events (Fig. 3).

However, the subsequent cooking activity profoundly altered these 
nucleation events, demonstrating an interplay between primary (cook
ing) and secondary (lemonade) nanoparticle emissions. Pancakes 
cooked on the gas stove initially emitted sub-3 nm NCA, most likely 

originating from the stove’s flame. However, within minutes, emissions 
shifted toward larger cooking-associated nanoparticles (3–100 nm), 
with median concentrations exceeding 105 nanoparticles cm-3 in this 
size range. These larger particles rapidly enhanced the surface-area- 
dependent scavenging effect [4,37,38], effectively depleting smaller 
NCA through coagulation and halting the ongoing nucleation [39]
initiated during lemonade preparation.

In contrast, waffle preparation using the electric appliance produced 
considerably fewer large nanoparticles in the 3–100 nm size range, 
approximately an order of magnitude lower than the gas stove. With 
fewer large particles present, the scavenging of smaller sub-3 nm NCA 
was minimal. Consequently, continuous nucleation initiated during 
lemonade preparation persisted for nearly 30 additional minutes, 
maintaining sustained indoor-originated sub-3 nm NCA concentrations 
exceeding 106 NCA cm− 3. This interplay reveals the inherent complexity 
in evaluating nanoparticle emissions beyond simple, isolated appliance 
comparisons. At first glance, the electric waffle maker appears advan
tageous due to lower direct emissions of larger (3–100 nm) nano
particles; however, this reduction paradoxically prolongs the persistence 
of smaller sub-3 nm NCA from secondary nanoparticle sources, such as 
limonene-driven nucleation. Conversely, the gas stove's higher emis
sions of larger nanoparticles substantially increase coagulation scav
enging rates, effectively suppressing the persistence of secondary sub-3 
nm NCA. Thus, a clear yet counterintuitive trade-off emerges: combus
tion cooking produces higher concentrations of larger nanoparticles, 
whereas electric appliances, despite lower direct emissions, may sustain 
elevated concentrations of smaller indoor-originated NCA. These find
ings underscore the importance of considering complex interactions 
between primary appliance emissions and secondary nanoparticle 
sources when assessing the exposure implications of shifting from 
combustion to electric appliances, especially given the ubiquity of sec
ondary nanoparticle sources in indoor environments [40,41].

Cleaning activities with scented cleaners present notable secondary 

Fig. 3. Full-day time-resolved indoor-originated nanoparticle emissions and activity-based comparisons between combustion- and electric-based appliance use. The 
left column shows time-resolved indoor-originated nanoparticle emissions throughout the day, corresponding to common indoor activities. The top row represents 
the day with activities primarily involving combustion-based appliances, while the bottom row represents the day with activities using primarily electric-based 
appliances. Major activities are indicated with icons placed between the plots, corresponding to their respective time periods. Detailed descriptions of the activ
ities on both days are provided in Tables S1 and S2. The right column presents a comparison of size-integrated indoor-originated nanoparticle number concentrations 
during specific activities from both days, plotted relative to the 1:1 line. The top row shows size integration in the nanocluster aerosol (NCA; 1.26–3 nm) size fraction, 
and the bottom row shows size integration in the 3–100 nm size fraction.
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nanoparticle sources [7]. We observed that mopping with scented 
cleaners increased indoor-originated nanoparticle concentrations up to 
~105 nanoparticles cm-3, predominantly within the sub-3 nm NCA size 
range. Likewise, indoor fragrance products displayed distinct nano
particle emission profiles depending on their chemical composition. A 
non-terpene-based air freshener showed negligible effects on 
indoor-originated nanoparticle concentrations, whereas using a 
terpene-based essential oil diffuser resulted in substantial nanoparticle 
generation, elevating levels to approximately 106 nanoparticles cm-3 

due to terpene-ozone reactions. Personal care routines provided another 
illustrative example. Applying hair spray without heat produced no 
detectable increase in nanoparticle concentrations yet introducing heat 
via an electric hair straightener raised nanoparticle levels to ~104 

nanoparticles cm-3 [2]. These examples underscore how common 
non-cooking sources, often overlooked in air quality assessments, can 
meaningfully contribute to elevated indoor atmospheric nanoparticle 
levels.

A striking contrast emerged when comparing scented candles with 
electric wax warmers, both used to fragrance indoor spaces but 
employing fundamentally different mechanisms. Combustion-driven 
scented candles emitted substantial indoor-originated nanoparticles 
primarily in the 3–100 nm size range, whereas the electric wax warmer 
released comparable nanoparticle concentrations (~105–106 nano
particles cm-3) dominated by much smaller nanoparticles in the sub-3 
nm NCA size fraction, resulting from terpene-ozone reactions (Fig. 3). 
This reveals an important distinction between combustion-based can
dles and electric wax warmers: similar total nanoparticle concentra
tions, yet markedly different size distributions with distinct indoor-to- 
outdoor nanoparticle flux profiles.

Lunch preparation further highlighted the trade-offs between com
bustion and electric appliances. Both combustion and electric methods 
were evaluated by preparing BLT sandwiches: bread toasted on a gas 
stove vs. an electric toaster, and bacon cooked on a gas stove versus vs. 
in an electric oven. Each appliance produced distinct nanoparticle 
emission events, yet peak indoor-originated nanoparticle concentrations 
remained comparable across methods, reaching 105–106 nanoparticles 
cm-3 (Fig. 3). Interestingly, toasting bread with the electric toaster 
generated higher nanoparticle emissions within the 3–100 nm size range 
compared to gas stove toasting.

Dinner preparations reiterated these complexities. Cooking burgers 
and French fries on a gas stove, as well as using a combination of an 
induction stove, electric grill, and air fryer, resulted in nanoparticle 
emissions spanning both the sub-3 nm NCA and the 3–100 nm size 
ranges. While gas cooking emitted marginally more nanoparticles in the 
3–100 nm size fraction (105–106 nanoparticles cm-3) compared to 
electric cooking (~105 nanoparticles cm-3), sub-3 nm NCA concentra
tions were similar between the two methods (103–105 NCA cm-3). Thus, 
as observed during isolated cooking activities, electric induction cook
ing did not demonstrate a clear advantage over gas cooking in terms of 
indoor-originated nanoparticle emissions for high temperature, oil- 
based cooking.

However, substituting combustion-based candles with LED candles 
during dinner provided a definitive reduction in indoor-originated 
nanoparticle emissions. Traditional candles significantly increased 
indoor-originated nanoparticle concentrations (~105–106 nanoparticles 
cm-3), whereas LED candles produced no measurable nanoparticle 
emissions, delivering the same ambiance without combustion-driven 
nanoparticle release (Fig. 3).

Overall, these comparisons indicate that indoor atmospheric nano
particle emissions are strongly influenced by process-driven factors, and 
that replacing combustion appliances with electric alternatives may not 
necessarily reduce indoor-originated nanoparticle emissions under 
certain conditions. Fig. 3, right panel, illustrates these complexities by 
summarizing size-integrated indoor-originated nanoparticle concentra
tions relative to a 1:1 line throughout the day for combustion-based 
appliances and their electric alternatives. Nanoparticle emission trade- 

offs vary considerably across size ranges and activity types. For 
instance, sub-3 nm NCA emissions from both combustion and electric 
appliances generally approached the 1:1 line; however, electric wax 
warmers emitted higher NCA concentrations compared to combustion- 
based scented candles. Conversely, in the 3–100 nm size range, com
bustion appliances generally produced higher emissions; nevertheless, 
activities such as electric toaster use generated higher nanoparticle 
concentrations than gas stove toasting. Notably, nanoparticle emissions 
from non-cooking activities, including scented cleaning products, often 
matched or exceeded those from cooking. Collectively, these findings 
suggest that the effectiveness of electrification in reducing indoor 
nanoparticle pollution depends strongly on the specific activities and 
operating conditions involved.

3.3. Cumulative inhalation exposure to indoor-originated nanoparticles 
during electric and combustion household activities

Indoor-originated nanoparticle concentrations showed substantial 
increases and multiple distinct peaks across both the combustion- and 
electric-based activity days (Fig. 4). Although the nanoparticle emission 
size distributions differed depending on the activity type, peak indoor- 
originated nanoparticle concentrations generally occurred within 
similar orders of magnitude on both days (Fig. 4). Notable exceptions 
included coffee preparation, where boiling water on the gas stove pro
duced a significant nanoparticle peak, whereas the electric coffee maker 
emitted no detectable indoor-originated nanoparticles. Similarly, 
combustion-based candles released substantial indoor-originated nano
particles, whereas LED candles did not. Conversely, electric appliances 
such as the essential oil diffuser and electric hair straightener produced 
indoor-originated nanoparticle peaks absent during the use of non- 
terpene-based air fresheners and hair spray without heating.

The multisource nanoparticle emissions significantly influenced 
human inhalation exposure within the indoor environment. We quan
tified this exposure by calculating the cumulative respiratory tract 
deposited doses for occupants, utilizing measured indoor-originated 
nanoparticle concentrations alongside established size-resolved respi
ratory deposition fractions [26,42]. Deposited nanoparticle doses were 
assessed across three distinct regions of the adult respiratory tract: head 
airways, tracheobronchial region, and pulmonary region.

Cumulative nanoparticle deposition in occupants' respiratory tracts 
was elevated across both combustion and electric appliance use under 
the conditions examined. A key difference emerged during morning 
coffee preparation: on the combustion-based day, occupants inhaled 
approximately 1010 deposited nanoparticles, substantially above back
ground levels (~108 deposited nanoparticles), while the electric coffee 
maker maintained inhalation doses near background conditions. How
ever, following breakfast preparation, cumulative nanoparticle inhala
tion dose surged on both days, reaching the high-1011 deposited 
nanoparticles range.

Subsequent indoor activities on the electric-based day, specifically 
sustained nucleation from residual limonene (post-lemonade prepara
tion), essential oil diffuser operation, and hair straightener use, further 
elevated total inhaled nanoparticles, surpassing 1012 deposited nano
particles by midday. In contrast, the absence of similarly potent indoor 
atmospheric nanoparticle sources during the combustion-based day 
resulted in slightly lower cumulative nanoparticle inhalation. Lunch 
preparation and subsequent cleaning with a terpene-based cleaning 
product elevated nanoparticle inhalation dose further on both days. Yet, 
total inhaled nanoparticles through afternoon activities remained 
consistently higher on the electric-based day compared to the 
combustion-based day (Fig. 4). Across these activities, nanoparticles 
predominantly deposited within the head airways region (~70%), fol
lowed by the tracheobronchial region (~20%) and pulmonary region 
(~10%).

During evening activities, aromatherapy markedly altered regional 
nanoparticle deposition patterns. On the combustion-based day, burning 
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scented candles primarily emitted nanoparticles in the 3–100 nm size 
range, known for deeper respiratory penetration and greater pulmonary 
deposition [7,43]. Conversely, electric wax warmers predominantly 
generated sub-3 nm NCA, characterized by a higher deposition fraction 
in the head airways region [7,43]. Consequently, despite comparable 
total nanoparticle inhalation during aromatherapy, pulmonary nano
particle deposition notably increased on the combustion-based day, 
rising from approximately 10% in the afternoon to nearly 18% 
post-aromatherapy, whereas pulmonary deposition remained relatively 
unchanged on the electric-based day.

Following dinner preparation, total inhaled nanoparticle doses 
remained high and comparable across both days (3.4 ×1012 deposited 
nanoparticles) compared to the combustion-based day (3.2 ×1012 

deposited nanoparticles). However, the inhalation exposure patterns 
shifted again during post-dinner candlelit activities. On the combustion- 
based day, continued use of traditional candles further elevated inhaled 
nanoparticle doses. In contrast, LED candles, used on the electric-based 
day, emitted no detectable indoor-originated nanoparticles, resulting in 
negligible additional inhalation. Consequently, total cumulative nano
particle inhalation on the combustion-based day ultimately surpassed 
the electric-based day, reaching 4.4 × 1012 deposited nanoparticles by 
the end of the combustion-based day vs. 3.4 × 1012 deposited nano
particles by the end of the electric-based day.

Electric appliance use did not result in a clear decrease in total 
nanoparticle inhalation under the conditions examined, consistent with 
the dominant influence of process-driven emissions. However, although 
final cumulative inhalation doses were similarly high for both com
bustion- and electric-based days, distinct differences emerged in 
regional deposition patterns. On the electric-based day, nanoparticles 
primarily deposited in the head airways region (~70%), substantially 
exceeding that on the combustion-based day (~45%). Conversely, the 
combustion-based day exhibited higher pulmonary deposition (~25%) 
relative to the electric-based day (~10%), due to the prevalence of 
larger nanoparticles emitted during combustion processes.

These results suggest that, although building electrification elimi
nates combustion-related emissions, its effect on the overall inhaled 
nanoparticle dose and regional deposition patterns may depend strongly 
on specific activities and operating conditions. This is particularly 
important given the differing health implications of regional deposition: 
larger nanoparticles tend to deposit in the pulmonary region, while 
smaller nanoparticles, although largely retained in the head airways, 
may translocate to the brain [9,10]. Consequently, strategies focused 
solely on replacing combustion appliances with electric alternatives may 
not fully address indoor nanoparticle exposure, as emissions are strongly 
governed by process-driven factors rather than fuel type alone, and 
secondary indoor nanoparticle sources can contribute substantially 
under certain conditions.

3.4. Indoor-to-outdoor nanoparticle fluxes from electric and combustion 
household activities: urban air quality implications

Gas stoves, widely used in homes [44], emit substantial indoor at
mospheric nanoparticles from both combustion and high-temperature 
cooking processes. As demonstrated in Section 3.1, electric induction 
cooktops, despite removing combustion-related emissions, generated 
comparably high nanoparticle concentrations during high-temperature, 
fat-based cooking, driven primarily by the thermal decomposition of oils 
rather than the energy source. Regardless of appliance type, these 
indoor-originated nanoparticles are ultimately transported outdoors, 
contributing to urban nanoparticle pollution.

Indoor-originated nanoparticles are transported outdoors via build
ing exhaust pathways, extending their impact beyond indoor exposure 
and contributing to urban nanoparticle pollution. We quantified indoor- 
to-outdoor nanoparticle fluxes (nanoparticles min-1) using directly 
measured nanoparticle concentrations and the test house air exchange 
rate (Eqs. 1–4), finding substantial fluxes for both combustion- and 
electric-based days (Fig. 5). During household activities, indoor-to- 
outdoor fluxes were on the order of 1012–1013 nanoparticles min-1 for 
both days, comparable to reported cooking-related neighborhood 
emission rates (~1012 nanoparticles min-1) [45] and exceeding reported 
nanoparticle exhaust fluxes from office buildings (~1010 nanoparticles 
min-1) [46].

The indoor-to-outdoor flux estimation method expressed in Eqs. 1–4
provides a simple and effective approach that avoids explicitly calcu
lating nanoparticle generation rates, as measured indoor nanoparticle 
concentrations inherently reflect the balance between source emissions 
and removal processes within the indoor environment. To validate this 
approach, we compared our flux estimates against an independent 
calculation using nanoparticle generation rates reported by Patra et al. 
[8], who evaluated the same electric wax warmer in the same test house 
under identical nominal outdoor air ventilation rates, reporting an 
average nanoparticle formation rate of approximately 1200 cm-3 s-1. 
Using this nanoparticle formation rate, the room volume, and the mean 
nanoparticle transport efficiency from Figure S4, the estimated 
indoor-to-outdoor flux of indoor-originated nanoparticles from scented 
wax melt use is 4.1 × 1012 nanoparticles min-1. Using Eqs. 1–4, the 
corresponding average indoor-to-outdoor nanoparticle flux obtained 
during scented wax melt use in this study is 3.6 × 1012 nanoparticles 
min-1. This agreement supports the validity of the flux estimation 
approach used here.

Normalized by building footprint, indoor-to-outdoor nanoparticle 
fluxes on both days (~7 × 1010–7 × 1011 nanoparticles m-2 min-1) were 
at least an order of magnitude higher than reported fluxes from urban 
traffic (~6 × 109 nanoparticles m-2 min-1) [47] and exceeded biogenic 
new particle formation fluxes in forested environments (~3 × 108 

Fig. 4. Comparing indoor-originated nanoparticle exposure from combustion- vs. electric-based appliance use. The left two panels show the cumulative adult 
respiratory tract deposited doses over the course of the day. The two panels on the left are divided into two columns: the left column corresponds to the day with 
activities primarily involving combustion-based appliances, and the right column corresponds to the day with activities primarily involving electric-based appliances. 
The panel on the right summarizes the total respiratory tract deposited nanoparticle dose at the end of each day. The letters on the x-axis represent, A: the day with 
combustion-based appliance use; and B: the day with electric-based appliance use.
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nanoparticles m-2 min-1) [48]. In dense urban settings with multistory 
residential buildings, overlapping emissions from vertically stacked 
residential units would further amplify these fluxes. These results 
demonstrate that residential indoor-originated nanoparticle emissions, 
regardless of appliance energy source, represent a significant and 
potentially underappreciated source of urban outdoor nanoparticle 
pollution, the magnitude of which depends on specific household ac
tivities and operating conditions.

4. Conclusion

Our results highlight the complexities and trade-offs involved in 
transitioning from combustion-based appliances to electric alternatives 
under the specific residential conditions examined in this study. In 
particular, electric induction cooktops produced indoor-originated 
nanoparticle concentrations comparable to gas stoves during high- 
temperature, oil-based cooking, demonstrating that nanoparticle for
mation is strongly driven by the thermal decomposition of oils rather 
than the energy source alone. Both appliance types generated substan
tial quantities of previously uncharacterized sub-3 nm NCA under these 
conditions, a size fraction largely absent from prior indoor nanoparticle 
assessments, with significant implications for inhalation exposure and 
respiratory tract deposition.

Our full-day assessment further revealed a complex interplay be
tween primary appliance emissions and secondary nanoparticle forma
tion, leading to size-dependent differences in emissions and exposure 
across the activities examined. The impact of electrification on indoor 
nanoparticle pollution was highly activity-dependent: while electrifi
cation eliminates combustion-related emissions, it does not necessarily 
reduce nanoparticle concentrations or inhalation exposures under the 
conditions examined here, particularly when high-temperature, oil- 
based cooking or secondary nanoparticle sources are present.

Overall, these results underscore the importance of accounting for 
process-driven emissions, including thermal processes and chemical 
transformations, when evaluating indoor nanoparticle exposures and 
indoor-to-outdoor nanoparticle transport in residential environments. 
Mitigation strategies addressing both primary and secondary nano
particle sources, rather than focusing solely on appliance electrification, 

are essential for meaningfully reducing residential nanoparticle expo
sure and limiting contributions to urban outdoor nanoparticle pollution.

Our findings should be interpreted with several limitations in mind. 
PSMPS-based measurements of sub-3 nm NCA carry intrinsic un
certainties due to composition-dependent sensitivity and charger-ion 
interactions [4,19,49]; although our stringent 99th percentile correc
tion improves confidence in the reported size distributions, true NCA 
concentrations may be underestimated. Additionally, we do not eval
uate source-specific toxicological properties, and toxicological evidence 
for non-combustion nanoparticles remains limited. Third, the interpre
tation of sustained NCA formation partly relies on secondary formation 
pathways involving volatile organic compounds and indoor oxidants; 
future work including full-day measurements of indoor atmospheric 
volatile organic compounds and O3 would provide additional insight 
into the underlying mechanisms of nanoparticle nucleation and growth. 
Fourth, the combustion-only and electricity-only activity patterns 
compared here provide a useful mechanistic contrast, but many real 
households, particularly in developing countries, use electric and com
bustion appliances concurrently or sequentially. As nanoparticle in
teractions appear to play an important role, future studies incorporating 
mixed-energy-use scenarios would enhance the real-world relevance of 
these findings. Finally, this study focuses on nanoparticle emissions and 
does not capture reductions in other combustion-related air pollutants 
(e.g., CO, CO2, NO, NO2, CH4) achieved through electrification, which 
must be considered when assessing overall air quality and public health 
impacts.

5. Environmental Implications

This study demonstrates that indoor atmospheric nanoparticle 
emissions, inhalation exposures, and indoor-to-outdoor transport are 
substantially influenced by residential activities performed with both 
electric and combustion appliances. High-temperature, oil-based cook
ing, regardless of appliance energy source, generated indoor atmo
spheric nanoparticle concentrations on the order of 107 nanoparticles 
cm-3, including abundant sub-3 nm nanocluster aerosol. Cumulative 
daily inhalation doses reached ~1012 deposited nanoparticles under 
both combustion and electric appliance scenarios, highlighting 

Fig. 5. Comparing indoor-to-outdoor nanoparticle fluxes from combustion- vs. electric-based appliance use. The top two panels show the size-integrated indoor- 
originated nanoparticle number concentrations throughout the day, color-coded according to their respective size-integration intervals: nanocluster aerosol (NCA; 
1.26–3 nm), 3–100 nm, and 100–500 nm. The bottom two panels show the estimated indoor-to-outdoor nanoparticle fluxes over the course of the day. The four 
panels are divided into two columns: the left column corresponds to the day with activities primarily involving combustion-based appliances, and the right column 
corresponds to the day with activities primarily involving electric-based appliances.
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comparable respiratory exposure risks across energy systems. Indoor-to- 
outdoor nanoparticle fluxes of 1012–1013 nanoparticles min-1 demon
strate that residences act as persistent sources of nanoparticles to urban 
air, with magnitudes rivaling traffic emissions. Collectively, these find
ings indicate that electrification alone is unlikely to reduce indoor at
mospheric nanoparticle pollution, as emissions and exposures are 
strongly governed by thermally and chemically driven processes rather 
than fuel type.
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Emissions of volatile aldehydes from heated cooking oils. Food Chem 120, 59–65. 
https://doi.org/10.1016/j.foodchem.2009.09.070.

[30] Zhang, Z., Zhu, W., Hu, M., Wang, H., Chen, Z., Shen, R., Yu, Y., Tan, R., Guo, S., 
2021. Secondary organic aerosol from typical chinese domestic cooking emissions. 
Environ Sci Technol Lett 8, 24–31. https://doi.org/10.1021/acs.estlett.0c00754.

[31] Masoud, C.G., Li, Y., Wang, D.S., Katz, E.F., DeCarlo, P.F., Farmer, D.K., Vance, M. 
E., Shiraiwa, M., Hildebrandt Ruiz, L., 2022. Molecular composition and gas- 
particle partitioning of indoor cooking aerosol: insights from a FIGAERO-CIMS and 
kinetic aerosol modeling. Aerosol Sci Technol 56, 1156–1173. https://doi.org/ 
10.1080/02786826.2022.2133593.

[32] Cummings, B.E., Pothier, M.A., Katz, E.F., DeCarlo, P.F., Farmer, D.K., Waring, M. 
S., 2023. Model framework for predicting semivolatile organic material emissions 
indoors from organic aerosol measurements: applications to HOMEChem stir- 
frying. Environ Sci Technol 57, 17374–17383. https://doi.org/10.1021/acs. 
est.3c04183.

[33] Wang, Q., Wang, S., Gao, X., Wang, X., Liao, H., Zhao, L., Zhong, F., Yang, Y., 2025. 
Breathing better: how range hood operation rates affect vertical centralized 
exhaust in Chinese residential kitchens. J Build Eng 108, 112953. https://doi.org/ 
10.1016/j.jobe.2025.112953.

[34] Rim, D., Wallace, L., Nabinger, S., Persily, A., 2012. Reduction of exposure to 
ultrafine particles by kitchen exhaust hoods: the effects of exhaust flow rates, 
particle size, and burner position. Sci Total Environ 432, 350–356. https://doi.org/ 
10.1016/j.scitotenv.2012.06.015.

[35] Pagonis, D., Algrim, L.B., Price, D.J., Day, D.A., Handschy, A.V., Stark, H., Miller, S. 
L., de Gouw, J.A., Jimenez, J.L., Ziemann, P.J., 2019. Autoxidation of limonene 
emitted in a University Art Museum. Environ Sci Technol Lett 6, 520–524. https:// 
doi.org/10.1021/acs.estlett.9b00425.

[36] Vartiainen, E., Kulmala, M., Ruuskanen, T.M., Taipale, R., Rinne, J., 
Vehkamäki, H., 2006. Formation and growth of indoor air aerosol particles as a 
result of d-limonene oxidation. Atmos Environ 40, 7882–7892. https://doi.org/ 
10.1016/j.atmosenv.2006.07.022.
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