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H I G H L I G H T S

• NO2 emission rates from gas stoves measured in 22 households in Guangzhou, China.
• Steady-state indoor NO2 reach 1107 and 796 μg/m3 during use of NG and LPG stoves.
• Mean NO2 emission rates were 54.3 mg/h (NG stoves) and 40.0 mg/h (LPG stoves).
• Indoor NO2 shows rapid total decay (mean of 6.5 h− 1) due to air exchange and net loss rate.
• Neglecting net decay rate in mass-balance model underestimates emission rate by 16-87%.
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A B S T R A C T

Natural gas (NG) and liquefied petroleum gas (LPG) are often promoted as “clean” residential fuels, yet their 
combustion emits nitrogen dioxide (NO2), a pollutant with well-documented health risks. Household gas stoves 
are a predominant source of indoor NO2. We conducted a campaign with on-site monitoring of NO2 emissions in 
22 residential homes in Guangzhou, China. The air exchange rates (AER) and NO2 decay rates were measured in 
each of the households. NO2 concentrations surged rapidly after ignition, reaching steady-state concentrations of 
1107.1 μg/m3 (NG) and 796.0 μg/m3 (LPG) within 15~20 min—far exceeding the World Health Organization's 
1-h NO2 guideline (200 μg/m3). Higher gas flow rates or thermal loads are correlated with increased NO2 
emission rates. Specifically, for NG with flow rates varying from 0.17 to 0.54 m3/h, the NO2 emission factors 
increased from 1.36 to 8.32 ng NO2/J. For LPG combustion with flow rates ranging from 12.11 to 69.99 g/h, the 
NO2 emission factors spanned from 0.30 to 2.28 mg NO2/g LPG. Overall, NG stoves have a higher mean NO2 
emission rate (54.3 mg/h) than LPG stoves (40.0 mg/h). Critically, emission rates with models using measured 
NO2 decay rates were 116-187% that of those using AER alone. It demonstrates the necessity of measuring the 
NO2 decay rates for accurate NO2 emission quantification for gas stoves. We recommend that future research 
integrates NO2 decay rate measurements to enhance indoor air quality evaluation and better characterize indoor 
NOx chemical processes.
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1. Introduction

Rapid urbanization and rising concerns about ambient air pollution 
have prompted millions of households worldwide to replace inexpensive 
solid fuels (coal, wood, crop residues) with ostensibly “clean” energy 
sources such as natural gas (NG), liquefied petroleum gas (LPG) and 
electricity. Between 2005 and 2015, the proportion of homes relying on 
clean fuels rose from 24% to 61% across nine middle-income countries 
in Asia, Africa and Latin America, reflecting a global policy push toward 
cleaner combustion and lower outdoor emissions (Shupler et al., 2019). 
From 2010 to 2020, NG and LPG usage rate among Chinese residents has 
shown a consistent upward trend, increased from 22.7 billion cubic 
meters (NG) and 15.4 million tons (LPG) in 2010, to 56 billion cubic 
meters (NG) and 28.6 million tons (LPG) (Statistics, 2022). By 2021, the 
number of people in China using NG and LPG reached 442 million and 
102 million, respectively, with total supply reaching 172.11 billion 
cubic meters (NG) and 8.6 million tons (LPG) (National Bureau of 
Statistics, 2021). NG and LPG significantly contribute to alleviating at
mospheric and indoor air pollution by reducing the emission of partic
ulate matter, carbon monoxide (CO), and sulfur dioxide (SO2) (Bilsback 
et al., 2019; Shen, 2016; Zhang and Smith, 2007).

Although NG and LPG are considered clean residential energy 
sources, they are not entirely clean during use. NG and LPG combustion 
are known to emit nitrogen oxides (NOx), carbon monoxide (CO), and 
recently aromatic compounds (e.g., benzene) were also identified 
(Dėdelė and Mǐskinytė, 2016; Kashtan et al., 2023; Smith, 1999; Ye 
et al., 2023; Zheng et al., 2022). In indoor environments, combustion 
of NG and LPG by gas stoves occurs in open spaces. The pollutants are 
released directly into the kitchen air, and could be readily transported to 
other rooms, which may lead to an increase in indoor NO2 concentration 
that exceeding the 1-h limit value of Indoor Air Quality Standards of 
China and the WHO's 1-h guideline value of 200 μg/m3, causing 
short-term high NO2 exposure levels. Agbo et al. (2021) found that when 
cooking with LPG, indoor NO2 concentrations increased to 174 μg/m3. 
Daouda et al. (2024) observed that when cooking with gas stoves, NO2 
concentrations in the kitchen increased from 34 to 377 μg/m3 (median 
value), whereas negligible increment in NO2 concentration was 
observed when using induction cookers. Human health risks increase 
with higher average indoor NO2 concentrations. Indoor NO2 may cause 
oxidative damage to the respiratory tract, leading to inflammation and 
an increased risk of sensitization (Guarnieri and Balmes, 2014). Daily 
average NO2 concentrations showed a consistent correlation with the 
incidence of heart disease: for every 18.4 ppb increase in NO2 concen
tration, the number of visits for myocardial infarction and angina pec
toris increased by 2.1 percent and 2.6 percent, respectively (Stieb et al., 
2009). Moreover, short-term exposure to high NO2 deserves attention as 
it has adverse health effects including asthma in children, pneumonia, 
respiratory and cardiovascular diseases (Bevelander et al., 2007; 
Hussain et al., 2004; Marika Berglund, 1993; Poynter et al., 2006; 
Rumchev, 2004).

However, previous studies have predominantly utilized offline 
methods, such as passive sampler, and obtained the average indoor NO2 
concentrations (Agbo et al., 2021; Hu et al., 2022; Tan et al., 2012; Yang 
et al., 2004; Yin et al., 2019), which have a low temporal resolution and 
cannot reflect the short-term variations in NO2 exposure. Continuous 
monitoring of indoor NO2 is possible using sensor technology, which 
overcomes the weakness of low time resolution by offline sampling and 
is able to respond to the fast variation of indoor NO2. Sensors with low 
cost and low power consumption, high temporal resolution can effec
tively generate information on pollutant changes over time, improving 
the understanding of indoor pollutant dynamics (Afroz et al., 2023; 
Baldelli, 2021; Chatzidiakou et al., 2019; Singh et al., 2024; Tryner 
et al., 2021; Wei et al., 2018).

Being a vital appliance in residential environment, the gas cook stove 
is an important indoor NO2 source, however, data on NO2 emission rate 
remain scarce, and the online sensor technology has been rarely applied 

to determine the NO2 emission. A common method for measuring 
emission rates is the indoor mass balance model. Some simplifications 
have been made in many of the previous studies, such as overlooking the 
air exchange rate. Zheng and Ye et al. approximated the air exchange 
rate to be zero by closing the kitchen doors and windows during mea
surement, which may lead to an underestimation of emission rates (Ye 
et al., 2023; Zheng et al., 2022). NO2 is also a reactive gas and can be 
adsorbed onto indoor materials or undergo chemical reactions on indoor 
surfaces (Spicer, 1989; Spicer et al., 1993), especially on various 
impermeable surfaces (Deng et al., 2021). NO2 decay influences the 
indoor steady state concentration, and if not accounted, will lead to an 
underestimation of the emission rates. However, existing studies 
commonly used empirical NO2 decay rates but did not measure the 
actual NO2 decay rates during fuel combustion (Dimitroulopoulou et al., 
2006; Singer et al., 2017). Furthermore, the NO2 emission rate from gas 
stoves is influenced by factors such as fuel type and combustion effi
ciency, which have not been systematically studied.

Despite the well-documented health risks associated with indoor 
NO2 exposure, accurately measuring emission rates from gas stoves re
mains a challenge, largely due to the reliance on oversimplified models 
that overlook actual air exchange rates and NO2 decay rates. To address 
this critical gap, this work employs continuous monitoring to quantify 
NO2 emission rates from both NG and LPG stoves in 22 residential set
tings. Additionally, we determine the actual NO2 decay rates within 
kitchen environments and evaluate the discrepancies arising from cal
culations that rely solely on AER compared to those incorporating total 
decay rates. Through these efforts, this study provides a more precise 
estimation of NO2 emissions, thereby contributing to improved IAQ 
modeling and the development of effective mitigation strategies.

2. Methods

2.1. Measurement household

In this study, we conducted measurements of NO2 emissions from 
residential gas stoves in 22 households from the Panyu, Haizhu, 
Huangpu, Tianhe, and Yuexiu districts of Guangzhou in April and 
November 2023, through online recruitment. The households were 
distributed across major urban and suburban areas of Guangzhou, 
encompassing buildings with different characteristics and varying traffic 
environments. Table S1 (in Supporting Information, SI) provides the 
information and photo of the kitchens. The kitchen volumes ranged from 
4.7 to 24.3 m3, with a median of 8.71 m3. Of the 22 kitchens, 13 were 
equipped with NG stoves and 9 have LPG stoves, from a total of 18 
brands. All the stoves functioned normally for cooking.

2.2. Instruments and measurement procedure

In the study, the IAQ-PRO series indoor air quality monitor (Sapiens 
Environmental Technology Co Ltd, Shenzhen, China), equipped with a 
NO2 sensor, was employed to measure NO2 concentrations. This in
strument features a time resolution of 1 min, a detection range of 
0–5 ppm, a detection limit of 0.01 ppm, and a resolution of 0.001 ppm. 
The NO2 sensor has been factory calibrated before delivery, and good 
agreement was observed with reference analyzer up to concentrations 
over 250 ppb. However, the concentration of the NO2 calibration gas 
used did not cover the full range encountered in the actual kitchen 
environment, which is a limitation of the study. Its capacity to transmit 
data via 4G networks enabled real-time monitoring through a cloud 
platform, ensuring continuous access to NO2 concentration data. Addi
tionally, the IAQ-PRO incorporates dynamic baseline tracking technol
ogy, which minimizes the effects of temperature and humidity 
fluctuations on sensor signals (Sun et al., 2017; Wei et al., 2018). To 
measure indoor CO2 concentrations, a CO2 monitor (model S21A2, Fala 
Electronic Technology Co., Xuzhou, China) was used to measure indoor 
CO2 concentrations. This device employs an infrared sensor and 
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dual-beam non-dispersive infrared technology to enhance measurement 
accuracy. It offers 1 min time resolution, a measurement range of 
0–10000 ppm with ±3% of accuracy, and operates effectively between 
− 20 and 60 ◦C. It also supports real-time data monitoring via a cloud 
platform. Both instruments have been factory-calibrated before use.

To further validate the IAQ-PRO's performance, it was compared 
against a standard chemiluminescence NOX monitor (model 42i, Thermo 
Fisher Inc., USA) at an atmospheric monitoring station. The comparison 
yielded strong correlation with an R2 of 0.979, and with a slope of 0.663 
(see SI Figure S1). Based on this calibration, IAQ-Pro NO2 data were 
calibrated before data processing to account for any systematic bias. 
However, no intercomparison has been conducted before the second 
measurement in November, which cannot catch potential sensor drift (if 
there is any) between April and November, and it is a limitation of 
present study.

The measurement procedure was designed to separate NO2 emissions 
from gas stoves while minimizing interference from other pollutant 
sources. Instruments were positioned in the kitchen at a height of about 
1.5 m above the floor and at least 1 m from walls to ensure representa
tive sampling of the indoor air. To avoid confounding emissions from 
cooking activities, the gas stoves were used solely to heat 10 L of tap 
water, rather than for food preparation. Each measurement cycle con
sisted of three phases: a pre-ignition period to establish background NO2 
and CO2 concentrations, a 30 – 40 min combustion period during which 
the stove was operated, and a post-combustion period following stove 
shutdown to monitor concentration decay (see Fig. 1). The background 
concentrations of NO2 and CO2 were determined during the preignition 
phase of each measurement cycle. Specifically, the preignition back
ground monitoring duration was set to 20 min, which is sufficient to 
obtain a stable baseline concentration without interference from stove 
combustion. Throughout these phases, NO2 and CO2 concentrations 
were real-time monitored with the IAQ-PRO and CO2 monitor, respec
tively. Additional measurements were conducted at varying burner 
strengths to assess the impact of combustion intensity on NO2 emissions. 
It should be emphasized that all measurements, including the CO2 decay 
tests, were conducted in unoccupied residences except two researchers. 
During the entire measurement process, the researchers stayed in the 
bedroom or rooms which are not adjacent to the kitchen and only 
entered or exited the kitchen quickly to turn the cooking appliance on or 
off. To minimize interzonal air exchange and external CO2 input, the 
tested kitchen could be separated from adjacent rooms by closing the 
door.

2.3. Measurement of air exchange rate and NO2 decay rates

To quantify the factors influencing indoor NO2 concentrations, the 
indoor-outdoor air exchange rate (AER) and NO2 decay rate were 
determined using the inert tracer gas techniques. The AER was measured 
via the inert tracer gas decay method, employing CO2 as the tracer. 
Throughout the observation period, the kitchen windows and doors 
were kept in a consistent state (either open or closed) to maintain a 
stable air exchange between the indoor and outdoor environments. First, 
a controlled amount of CO2 was released from a pressurized cylinder 
into the kitchen and its natural decay was monitored using the CO2 

monitor described in Section 2.2 and CO2 decay was fitted to an expo
nential model in Equation (1). The decay curve of indoor CO2 concen
tration after the gas stove was turned off was also fitted to the 
exponential model, and reported as the final AER values: 

(c − cb) = (c0 − cb)*e− αt (1) 

where c is the real-time CO2 concentration (ppm), c0 is the initial CO2 
concentration immediately following release, cb is the indoor back
ground CO2 concentration prior to the experiment. t is the time (h), and 
α represents the AER (h− 1). By fitting the measured CO2 decay data to 
this equation, the AER was calculated.

Unlike CO2, NO2 is a reactive pollutant that can undergo deposition 
or chemical reactions with organic matter on kitchen surfaces, 
contributing to its decay beyond simple air exchange. To capture this 
total decay, the decline in NO2 concentration was measured after stove 
shutdown and fitted to the same exponential form as Equation (1), 
yielding the total NO2 decay rate (m, h− 1). The net NO2 decay rate (k, 
h− 1), attributable to surface interactions and reactions, was then derived 
by subtracting the AER from the total decay rate, as shown in Equation 
(2): 

k=m − AER (2) 

This approach isolates the reactive component of NO2 loss, providing 
a comprehensive assessment of its behavior in the indoor environment. 
It is important to note that the calculation of the k value (net NO2 loss 
rate) is highly dependent on the accuracy of the air exchange rate (AER), 
and errors in AER will directly propagate to the k value. If AER is 
underestimated (e.g., due to imperfect mixing of the tracer gas or un
accounted external CO2 input), the k value will be overestimated.

To account for the uncertainty of AER and NO2 decay rates obtained 
from regression fit, a recursive regression approach was implemented 
across the CO2 and NO2 decay phases. For each sub-segment, the 
regression time window was expanded minute-by-minute from a mini
mum of 10 min to the full segment duration, generating a comprehen
sive distribution of possible decay rates. The final time window was 
determined using NO2 regression fit with the highest R2 value. The exact 
time windows identified above were strictly mapped to the contempo
raneous CO2 concentration profiles for calculating the AER. Detailed 
description is provided in the SI.

2.4. Calculation of NO2 emission rate and emission factor

The NO2 emission rate and emission factor were calculated using an 
indoor air quality mass balance model, integrating the concentration 
data with AER and decay rate measurements. The model relates the NO2 
emission rate (E, mg/h) to the indoor NO2 concentration (c, mg/m3), 
kitchen volume (V, m3), AER (h− 1), and net NO2 decay rate (k, h− 1), as 
described by the differential equation: 

dc
dt

V= E − cV(AER+ k) (3) 

During stove operation, NO2 concentrations reached a quasi-steady 
state. At this equilibrium, where dc

dt = 0, the emission rate was derived 
from Equation (4) as: 

Fig. 1. Schematic of the NO2 emission measurement procedure (Note that during NO2 decay phase, CO2 decay was also fitted, and the obtained AER was used to 
calculate the net NO2 loss rate).
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E= cV(AER+ k) (4) 

Here, c is the steady-state NO2 concentration measured with the IAQ- 
PRO monitor at 1-min intervals, providing high temporal resolution 
for accurate equilibrium assessment.

For natural gas (NG) stoves, the emission factor (EFNG, ng⋅NO2/J) 
was calculated by normalizing the emission rate to the energy con
sumption rate, using Equation (5): 

EFNG =
Na

Nb
QMβγ (5) 

where, Na/Nb represents the ratio of background-corrected NO2 con
centration (ppm) to CO2 concentration (ppm), and Q represents the fuel 
energy content. We used a value of 1.02 mol CO2/MJ of fuel based on 
Guangzhou Gas Group. M is the molar mass of NO2 (46 g/mol), and β 
and γ are unit conversion factors, which are MJ/103 kJ and 106 μg/g, 
respectively.

Based on the LPG consumption and flow rate (Q) during the com
bustion phase, the emission rate (E, mg/h) was converted to the emis
sion factor (EF, mg⋅NO2/g⋅LPG) using Equation (6): 

EFLPG =
E
Q

(6) 

2.5. Estimation of LPG consumption

Since the amount of LPG used during monitoring was relatively small 
and there is no flow meter installed on the LPG cookstove, the LPG 
consumption (M, mg) was estimated indirectly based on the increased 
CO2 concentration and carbon emission factor in the carbon balance 
model, using Equation (7): 

M=

(
CCO2,t − CCO2,0

)
44V

22.4 × 3.10
(7) 

Here, CCO2,t and CCO2,0 are the CO2 concentrations (ppm) at time t 
and at background, respectively, V is the kitchen volume (m3), 44 is the 
molecular weight of CO2 (g/mol), 22.4 is the molar volume of gas (L/ 
mol) at standard conditions, and 3.10 is the carbon emission coefficient 
(kg CO2/kg LPG) (GB/T 2589, 2020). This approach assumes complete 
combustion and a consistent fuel composition, providing an approxi
mate mass of LPG consumed, which was then converted to a flow rate 
(Q, g/h) by dividing by the combustion duration. It is necessary to point 
out that the estimation method on LPG consumption is prone to rela
tively large uncertainty and may affect the accuracy of estimated NO2 
emission factors from LPG stoves.

2.6. Experimental condition controls

During the entire CO2 decay test (30–45 min), researchers entered 
the kitchen quickly only to open and close the gas cylinder, and then 

exited the kitchen immediately. To minimize the impact of ambient air 
infiltration on the kitchen conditions, all tested kitchens were inde
pendent spaces that could be physically separated from adjacent rooms 
by closing doors. There are no other active combustions running in the 
tested houses such as water heaters throughout the time of measure
ment, and the gas stoves were equipped with electrical lighter. The 
Ventilation configuration including using of range hoods, the opening 
position of windows and doors were set to the exact same configuration 
before, during, and after each gas stove measurement experiment.

3. Results and discussion

3.1. Variation of NO2 concentrations in kitchens after gas stove use

Fig. 2 shows the changes of NO2 concentrations in kitchen over time 
before, during and after the use of gas stoves at medium burning rate. 
The results at high burning rate were shown in SI Figure S2. When the 
gas stoves were in use, a similar pattern of indoor NO2 concentration was 
observed. After the gas stoves were ignited, NO2 concentrations in the 
kitchen increased rapidly within a short period, stabilizing after 
10–15 min at a relatively constant level. The rapid NO2 increase within 
10–15 min suggested efficient mixing in kitchens, likely due to stove 
proximity and airflow. However, the steady state NO2 concentrations 
from different households varied widely, ranging from 71.2 to 
2330.0 μg/m3, with most cases exceeding 500 μg/m3, indicates vari
ability in stove emission rates, kitchen volume, and ventilation. The 
average cooking time of the gas stoves was 0.74 h (0.50–1.28 h, 
sd = 0.17), which is similar to the duration of daily cooking activities. 
The average cooking time of 0.74 h (44.4 min) in the study is the single 
continuous combustion time of the gas stove (heating 10 L of water from 
room temperature to boiling and maintaining boiling), which is 
designed to simulate the actual continuous cooking time of a single meal 
(e.g., stir-frying, boiling soup) in Chinese households—this is a typical 
cooking duration for southern Chinese families (Guangzhou), which is 
longer than the short cooking time in Western households (10–15 min). 
When the combustion stopped, NO2 concentration decreased rapidly, 
with a 70.0% reduction within approximately 0.2 h.

Due to the poor sealing of the kitchen in one household (Household 
H-18), which was a self-built temporary structure, and the strong out
door wind on the measurement day, the air exchange rate in the kitchen 
was high and unstable, significantly lowering the indoor NO2 concen
trations. Therefore, the data from this household were excluded from the 
following analysis. After statistical analysis, the average NO2 concen
tration in the steady-state from the 21 households was 1048.9 μg/m3 

(124.0–3326.9 μg/m3, sd = 706.7), far exceeding China's indoor air 
quality standard and the WHO's 1-h NO2 concentration guideline 
(200 μg/m3).

Fig. 3 shows the increment of NO2 during the use of gas stoves. In the 
13 households with natural gas stoves, the kitchen background NO2 
concentrations ranged from 11.4 to 54.2 μg/m3. The NO2 concentration 

Fig. 2. Temporal changes in NO2 concentration in the kitchen at medium burning rate of (a) NG cook stoves, (b) LPG cook stoves. Time 0 represents the moment the 
gas stove was ignited.
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increased by 8.7–147.2 times (median: 41.7 times) after 10–15 min of 
combustion, reaching an average steady state concentration of 
1107.1 μg/m3 (124.0–3326.9 μg/m3, sd = 697.5). The average steady 
state NO2 concentration in 8 kitchens with LPG stoves was 796.0 μg/m3 

(237.9–2884.0 μg/m3, sd = 743.8), increased by 3.6–127.6 times (me
dian: 20.5 times), compared with the background concentrations. In 
98% of the cases, steady state NO2 concentrations from both NG and LPG 
kitchens exceeded the WHO's 1-h NO2 concentration guideline (200 μg/ 
m3). The NO2 concentration in kitchens with natural gas stove was 
generally higher than that with LPG stove, which may be related to the 
combustion temperature during gas use. We noticed that the flames of 
LPG combustion had a yellowish tint, indicating incomplete combustion 
condition and lower flame temperatures (see SI Figure S3).

Spearman correlation analysis between LPG kitchen volume and 
steady state NO2 concentration showed a significant negative correla
tion, with a correlation coefficient of − 0.79 (p < 0.05) (See SI 
Figure S4). It agrees with the fact that as the kitchen volume 
increased, the steady state NO2 concentration decreased due to the 
larger space facilitating gas diffusion and dilution.

3.2. Air exchange rates and NO2 decay rates

Throughout the measurement period, the state of the kitchen doors 
and windows remained unchanged, and the actual air exchange rate in 
each household's kitchen was measured using the CO2 decay method 
during the decay phase after the gas stove was turned off (see Section 
2.3). The obtained AERs are shown in Table 1.

The average AER for the 21 households was 4.97 h− 1 (range: 
1.65–9.59 h− 1), with the average AER for natural gas kitchens and LPG 

kitchens being 5.43 h− 1 (range: 2.76–9.59 h− 1) and 4.21 h− 1 (range: 
1.65–8.02 h− 1), respectively. The average AER for both natural gas and 
LPG kitchens exceeded the kitchen ventilation rate of 3 h− 1 specified in 
GB 50736 (2012). After the gas stoves were turned off, the decline in 
indoor NO2 concentration was primarily attributed to air exchange and 
the NO2 decay. By fitting the data exponentially, The total NO2 decay 
rate (m) was calculated; based on Equation (3), the net NO2 loss rate (k) 
was obtained (see Table 1).

As shown in Table 1, the k values exhibited considerable variation 
across the 21 households. Eight households had k values below 1.0 h− 1, 
seven fell within the range of 1–2 h− 1, and the remaining seven showed 
values exceeding 2 h− 1. The use of different time windows in the 
regression fits yielded varying decay rates for NO2 and CO2, resulting in 
a notably wide range of k values, particularly among households with 
high k values (e.g., H-1, H-10, H-11, H-19, H-20, H-22). This observation 
highlights the necessity of designing a systematic regression fitting 
strategy to obtain optimized and reliable results.

Active combustion during stove operation generates significant tur
bulence and buoyancy, altering interzonal airflows and effective mix
ing/ventilation relative to the stove-off period, thereby invalidating the 

Fig. 3. The increment of NO2 concentrations in the kitchen and increased 
factors compared with background concentrations after the use of NG and LPG 
stoves: (a) NG cook stoves, (b) LPG cook stoves. The numbers 1, 2 and 3 in the 
identification code correspond to the different combustion conditions at the 
designated household.

Table 1 
Air exchange rates and NO2 decay rates in the kitchens of the studied 
households.

Household 
Nr.

Kitchen 
Volume 
(m3)

AER 
(h− 1)

Total NO2 

decay 
rate m 
(h− 1)

Net NO2 

loss rate 
k (h− 1)

range of 
k (h− 1)

SD of 
k

H-1 5.76 8.58 13.15 4.57 [3.13, 
5.55]

±0.83

H-2 14.95 9.59 12.56 2.98 [1.49, 
3.95]

±0.83

H-3 11.22 4.96 8.24 3.28 [2.79, 
3.57]

±0.19

H-4 24.3 4.33 4.45 0.12 [0.02, 
0.24]

±0.08

H-5 8.09 3.76 5.53 1.77 [1.77, 
1.77]

±0.00

H-6 5.6 3.23 5.02 1.79 [0.07, 
2.47]

±0.60

H-7 9.38 5.06 5.87 0.81 [0.68, 
0.95]

±0.10

H-8 9.33 5.85 7.16 1.31 [1.28, 
1.35]

±0.02

H-9 6.59 7.48 8.93 1.46 [0.34, 
2.09]

±0.61

H-10 7.62 2.76 4.82 2.06 [1.13, 
2.68]

±0.39

H-11 4.97 5.38 7.48 2.10 [1.59, 
2.57]

±0.31

H-12 11.26 5.44 6.19 0.75 [0.69, 
0.82]

±0.04

H-13 10.38 4.18 4.64 0.46 [0.27, 
0.66]

±0.16

H-14 8.02 3.28 4.32 1.04 [0.93, 
1.17]

±0.05

H-15 22.9 1.93 2.42 0.49 [0.02, 
0.68]

±0.13

H-16 10.2 3.18 3.42 0.24 [0.10, 
0.37]

±0.11

H-17 4.66 4.45 5.07 0.62 [0.29, 
0.89]

±0.16

H-19 10.93 5.51 6.54 1.03 [0.11, 
1.81]

±0.60

H-20 10.55 1.65 5.40 3.75 [3.01, 
4.55]

±0.73

H-21 6.5 8.02 8.63 0.61 [0.61, 
0.61]

±0.00

H-22 5.35 5.68 7.38 1.70 [1.23, 
2.10]

±0.23

Note: Households H-1 to H-13 used natural gas as fuel while households H-14 to 
H- 22 used LPG as fuel. Different combustion experiments correspond to 
respective AER and total NO2 removal rate.
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direct application of CO2-based AER estimates to the NO2 decay period. 
The present results agree with previous studies (Spicer, 1989; Ozkaynak, 
1982; Yamanaka, 1984), which demonstrated the impact of different 
indoor building materials on NO2 concentration decay, suggesting that 
indoor building materials act as sinks for NO2, adsorbing or reacting 
with NO2 at a relatively fast rate. However, they reported an average net 
NO2 decay rate of 2.0 h− 1 (Dobbin et al., 2018), which is higher than this 
study through actual observations (1.57 h− 1). Other studies used 
empirical values of 0.7 and 0.99 h− 1 (Dimitroulopoulou et al., 2006; 
Singer et al., 2017), which are at the lower end of the values in this 
study. However, available data on NO2 decay rates are very limited, and 
further study is needed to better understand the net NO2 decay rates in 
different indoor environments, which is crucial for obtaining more ac
curate NO2 emissions.

3.3. NO2 emission rates and emission factors

3.3.1. NO2 emission rates
As presented in Tables S2 and S3, the NO2 emission rates span from 

3.84 mg/h to 121.5 mg/h, with a median value of 41.66 mg/h. Specif
ically, for natural gas stoves, the NO2 emission rates range between 
3.84 mg/h and 121.5 mg/h, with a median of 44.33 mg/h. In contrast, 
LPG stoves exhibit NO2 emission rates ranging from 7.61 mg/h to 
103.2 mg/h, with a median of 39.48 mg/h. A comparative analysis 
stoves indicates that the median NO2 emission rate of natural gas stoves 
(44.33 mg/h) is substantially higher than that of LPG stoves (39.48 mg/ 
h). The average NO2 emission rate of most natural gas stoves (mean: 
54.29 mg/h) is higher than that of LPG stoves (mean: 40.02 mg/h). 
Furthermore, the majority of natural gas stoves demonstrated higher 
NO2 emission rates compared to their LPG counterparts.

Table 2 summarizes the NO2 emission rates and emission factors in 
the literature for natural gas and LPG stoves. Ye et al. found that when 
the LPG flow rate was in the range of 1000–2000 mg/min, the median 
NO2 emission rate was 0.134 mg/min (Ye et al., 2023), which is 
significantly lower than present study. The NO2 emission rates obtained 
in this study for NG stoves fall within the range reported in the literature 
but are higher than most previous results. This discrepancy may be 
related to factors such as the combustion rate of the gas and underesti
mation or overlook of NO2 decay rate in the literature.

3.3.2. NO2 emission factors
As shown in Table S2, the NO2 emission factors for NG stoves range 

from 1.36 ng NO2/J to 8.32 ng NO2/J, with a median value of 6.15 ng 
NO2/J. For LPG stoves, the NO2 emission factors range from 0.30 mg 
NO2/g LPG to 2.28 mg NO2/g LPG. Current studies indicate that the NO2 
emission factors for NG stoves during operation typically fall within the 

range of 5–15 ng/J (Jaffe and Creekmore, 2024; Lebel et al., 2022; 
Singer et al., 2017; Tan et al., 2012). In this study, the NO2 emission 
factor for natural gas stoves (median: 6.15 ng NO2/J) aligns well with 
the range reported in the literature. However, the NO2 emission factor 
for LPG (median: 0.88 mg NO2/g LPG) is significantly lower than Ye 
et al. (2023) (median: 111 mg NO2/g LPG). This discrepancy may be 
attributed to differences in combustion conditions during gas use and 
variations in the brands of gas stoves employed, and whether LPG burns 
completely.

3.4. Factors influencing NO2 emission rates from gas stoves

3.4.1. Fuel combustion rates
Fig. 4 illustrates the relationship between NO2 emission rates and gas 

flow rates. Spearman correlation analysis reveals a significant positive 
correlation between NO2 emission rates and NG flow rates (in the range 
of 0.174 to 0.543 m3/h) during combustion (R = 0.40, P < 0.05). In 
contrast, as depicted in Fig. 4(b), no significant correlation is observed 
between NO2 emission rates and LPG flow rates. Due to the relatively 
low consumption of liquefied petroleum gas during combustion, it was 
difficult to obtain the LPG consumption for each individual measure
ment using gravimetric methods. Instead, LPG consumption was 
approximately estimated by conversion based on steady-state CO2 con
centrations. This estimation approach may introduce considerable er
rors, which may explain why LPG did not exhibit a similar trend to 
natural gas.

3.4.2. Influence of using AER or total NO2 decay rates
We compared the NO2 emission rates using both the AER and the 

total NO2 decay rate (m) in the mass balance model (Fig. 5). Specifically, 
in the natural gas combustion scenario, the emission rate at low thermal 
load (27.97 ± 14.56 mg/h) was 11.5% higher than the AER model 
(25.08 ± 13.74 mg/h). At high thermal load, the difference was 
15.9 mg/h (p < 0.001). The LPG combustion experiments revealed a 
similar pattern (Fig. 5(b)): the emission rates calculated based on total 
NO2 decay rate (m) were on average 10.7%–86.8% higher than those 
from the AER model.

This discrepancy primarily stems from secondary decay processes 
such as microenvironment surface adsorption and chemical reactions, 
which contributed 13.2%–89.3% to the total decay rate. The results 
demonstrated that the model using AER systematically underestimated 
the NO2 emission rates, and this underestimation showed a nonlinear 
increasement as the thermal load increases. Therefore, when assessing 
NO2 emission rates from gas stove, and also other indoor NO2 sources, it 
is essential to consider both AER and microenvironment-specific decay 
rates to reduce systematic underestimation.

Table 2 
NO2 emission rates and emission factors from gas stoves in current study and in literature.

Fuel 
type

AER Net NO2 loss rate Emission rate (mg/h) Emission factor Reference

NG range: 1.05~9.59 h− 1 

average: 4.8 h− 1
range: 0.12~4.57 h− 1 

average: 1.29 h− 1
range: 3.84~121.5 
median: 44.33

range: 1.36~8.32 ng⋅NO2/J median: 6.15 ng⋅NO2/J This study

NG - - 26.0 5.8 ng/J Jaffe and Creekmore 
(2024)

NG average: 3.3 h− 1 - 65.5 5.4 ng/J Tan et al. (2012)
NG range: 0.7~2.3 h− 1 average: 2.0 h− 1 36 - Dobbin et al. (2018)
NG average: 1.0 h− 1 empirical value: 0.99 h− 1 range: 15.6~21.9 - Dimitroulopoulou et al. 

(2006)
NG - - - range: 13.9~28.3 ng NOx/J average: 21.7 ng NOx/J 

7.8 ng NO2/J and14.0 ng NO/J)
Lebel et al. (2022)

NG - empirical value: 0.7 h− 1 - range: 30~45 ng(NO + NO2)/J NO2 < 25 ng/J Singer et al. (2017)
LPG range: 0.57~8.02 h− 1 

average: 4.48 h− 1
range: 0.06~3.75 h− 1 

average: 1.05 h− 1
range: 7.61~103.2 
Median: 39.48

range: 0.3~2.28 mg NO2/g LPG median: 0.88 mg 
NO2/g LPG

This study

LPG - - range: 0.24~44.76 
median: 8.34

range: 1.84 ~ 611 mg NO2/kg LPG median: 111 mg 
NO2/kg LPG

Ye et al. (2023)

Note: In the table, "-" indicates that the data were not mentioned or were unavailable.
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Table 2 summarizes the related studies on NO2 emission from gas 
stoves. While the indoor mass balance model was the primary method 
for estimating NO2 emission rates, most previous studies did not account 
for NO2 decay rates, and some even simplified the AER to be zero. A few 
studies considered NO2 decay rates but used empirical values (0.7–1.0 
h− 1). Compared to previous studies, this study is the first to systemati
cally measure the microenvironment-specific NO2 decay coefficients 
(k = 1.56 ± 1.21 h− 1) in kitchens.

3.5. Implication on indoor chemistry

Research findings indicate that following combustion activities, the 
decay rate of NO2 significantly surpasses the indoor air exchange rate. 
This phenomenon is likely attributable to the adsorption of NO2 onto 
surfaces or its removal via reactive processes, both of which expedite the 
decay of NO2. Heterogeneous reactions are recognized as the principal 
chemical mechanism involving NO2 in indoor settings. These reactions 
result in the formation of nitrous acid (HONO), a precursor for atmo
spheric OH radical. HONO could also induce asthma and cause negative 
effects to the respiratory system (Ohyama et al., 2018a, 2018b, 2022). 
Meanwhile, relevant studies have demonstrated that elevated humidity 
thickens the water film on kitchen surfaces, substantially facilitating the 
interfacial hydrolysis reaction of NO2 and accelerating its decay rate 
(Pandit and Grassian, 2022). In the present study, the relative humidity 
of the tested kitchen ranged from 40.9% to 80.3%, with approximately 
67% of the measured data collected under environmental conditions 
where the relative humidity exceeded 60%. Spearman correlation 
analysis demonstrated that the k (h− 1) had a statistically significant 
positive correlation with the average indoor relative humidity (%) of 
kitchens at the 5% significance level (R = 0.345, p = 0.016). This in
dicates that environments with higher relative humidity are likely 
associated with a greater net loss rate of NO2.

The primary indoor sources of HONO are direct emissions from fuel 
combustion and secondary reactions involving NOx. Among these, NO2 

is the main precursor of HONO through heterogeneous reactions on 
indoor surfaces (Chen et al., 2020). Studies have demonstrated that in 
indoor environments, NO2 produced during combustion can be more 
efficiently converted into HONO. Moreover, the frequent use of gas 
stoves has been shown to significantly increase the concentration of 
indoor HONO (Li et al., 2025). In experiments where the combustion 
rate was controlled, Park et al. (2008) observed that the peak concen
tration of HONO is closely associated with the combustion rate: the 
higher the combustion rate, the greater the peak concentration of 
HONO. In addition, the peak concentration of HONO typically occurs 10 
to 15 min after combustion ceases. This suggests that heterogeneous 
reactions of NO2 following combustion may represent the dominant 
pathway for HONO formation.

Therefore, accurately measuring the concentration of NO2 and its 
emission rates during fuel use is essential for evaluating the generation 
of HONO, which will be vital in further optimizing indoor air quality 
management and indoor chemistry research.

4. Conclusions

Residential gas stove is a major indoor source of NO2, yet their 
emission rates remain poorly quantified. We continuously monitored 
NO2 in 22 Guangzhou households and found that concentrations rose to 
steady-state levels within 15–20 min of ignition, averaging 1107 μg/m3 

for natural-gas (NG) stoves and 796 μg/m3 for LPG stoves—5.5 and 4.0 
times the WHO 1-h guideline (200 μg/m3), respectively. Measured total 
NO2 decay (mean 6.53 h− 1) exceeded the air-exchange rate (AER: 4.96 
h− 1). The net decay attributable to surface uptake and chemistry 
(k = 1.56 ± 1.21 h− 1) was comparable in magnitude to AER, showing 
that neglecting this term in a mass-balance model underestimates stove 
emissions by 16–87%. Incorporating NO2 total decay yielded mean 
emission rates of 54.3 mg/h for NG and 40.0 mg/h for LPG. NO2 emis
sion rate was positively correlated with the natural gas flow rate. For 
LPG combustion, the flow rate ranged from 12.11 to 69.99 g/h, and the 

Fig. 4. NO2 emission rates and gas flow rates during gas stove use in (a) NG kitchens, (b) LPG kitchens.

Fig. 5. Emission rates of NO2 from gas stoves (a) NG (b) LPG with AER and total NO2 decay rate, respectively in the mass balance model at different thermal loads.

X. Le et al.                                                                                                                                                                                                                                        Atmospheric Environment 382 (2026) 122199 

7 



NO2 emission factor ranged from 0.30 to 2.28 mg NO2/g LPG. Overall, 
actual indoor NO2 emissions from gas stoves are significantly higher 
than prior estimates that ignore net NO2 loss rate. Future work should 
examine NO2 surface interactions and heterogeneous chemistry to 
improve exposure assessments and mitigation strategies.
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Dėdelė, A., Mǐskinytė, A., 2016. Seasonal variation of indoor and outdoor air quality of 
nitrogen dioxide in homes with gas and electric stoves. Environ. Sci. Pollut. Control 
Ser. 23 (17), 17784–17792.

Deng, H.F., Liu, J.P., Wang, Y.Q., Song, W., Wang, X.M., Li, X., Vione, D., Gligorovski, S., 
2021. Effect of inorganic salts on N-Containing organic compounds formed by 
heterogeneous reaction of NO with oleic acid. Environ. Sci. Technol. 55 (12), 
7831–7840.

Dimitroulopoulou, C., Ashmore, M.R., Hill, M.T.R., Byrne, M.A., Kinnersley, R., 2006. 
INDAIR: a probabilistic model of indoor air pollution in UK homes. Atmos. Environ. 
40 (33), 6362–6379.

Dobbin, N.A., Sun, L., Wallace, L., Kulka, R., You, H., Shin, T., Aubin, D., St-Jean, M., 
Singer, B.C., 2018. The benefit of kitchen exhaust fan use after cooking - an 
experimental assessment. Build. Environ. 135, 286–296.

GB 50736, China, 2012. Design Code for Heating, Ventilation and Air Conditioning of 
Civil Buildings. China Architecture & Building Press.

GB/T 2589, 2020. General Rules for Calculation of Comprehensive Energy Consumption. 
China Standards Press.

Guarnieri, M., Balmes, J., 2014. Outdoor air pollution and asthma. Lancet 383 (9928), 
1581–1592.

Hu, D., Gao, H., Li, W., Jia, C., Lin, Y., Shi, L., Xu, X., Geng, Z., Mo, T., Jiang, Q., Qiu, G., 
Wu, T., Yu, K., 2022. A pilot study on characterization of air pollutants from typical 
Chinese cooking with clean fuels without and with range hood usage. Atmos. Pollut. 
Res. 13 (9), 101537.

Hussain, I., Jain, V.V., O'Shaughnessy, P., Businga, T.R., Kline, J., 2004. Effect of 
nitrogen dioxide exposure on allergic asthma in a murine model. Chest 126 (1), 
198–204.

Jaffe, D.A., Creekmore, A., 2024. Emissions and exposure to NOx, CO, CO2 and PM2.5 
from a gas stove using reference and low-cost sensors. Atmos. Environ. 331, 120564.

Kashtan, Y.S., Nicholson, M., Finnegan, C., Ouyang, Z., Lebel, E.D., Michanowicz, D.R., 
Shonkoff, S.B.C., Jackson, R.B., 2023. Gas and propane combustion from stoves 
emits Benzene and increases indoor air pollution. Environ. Sci. Technol. 57, 
9653–9663.

Lebel, E.D., Finnegan, C.J., Ouyang, Z., Jackson, R.B., 2022. Methane and NOx emissions 
from natural gas stoves, cooktops, and ovens in residential homes. Environ. Sci. 
Technol. 56 (4), 2529–2539.

Li, L., Li, Y., Hu, Y., Zhang, J., Du, W., Gligorovski, S., Liu, J., 2025. A systematic review 
of the source, formation mechanism, and environmental effects of HONO in the 
indoor air. Build. Environ. 269, 112476.

National Bureau of Statistics, 2021. China Urban Construction Status Bulletin of 2021. 
https://www.mohurd.gov.cn/cms_files/filemanager/mohurdold/file/2022/2022 
0930/cf469c73-94de-4133-9b3e-98208d7e7e10.docx. Last acess on Jan. 10, 2025. 

Ohyama, M., Azuma, K., Minejima, C., Takenaka, N., Adachi, S., 2022. Role of nitrous 
acid in the association between nitrogen dioxide and asthma symptoms: effect of 
nitrous acid exposure on specific airway resistance in Guinea pigs. Environ. Sci. Eur. 
34 (1), 112.

Ohyama, M., Horie, I., Isohama, Y., Azuma, K., Adachi, S., Minejima, C., Takenaka, N., 
2018a. Effects of nitrous acid exposure on baseline pulmonary resistance and 
Muc5ac in rats. Inhal. Toxicol. 30 (4–5), 149–158.

Ohyama, M., Nakajima, T., Minejima, C., Azuma, K., Oka, K., Itano, Y., Kudo, S., 
Takenaka, N., 2018b. Association between indoor nitrous acid, outdoor nitrogen 
dioxide, and asthma attacks: results of a pilot study. Int. J. Environ. Health Res. 29 
(6), 632–642.

Ozkaynak, H., 1982. Indoor air quality modeling: compartmental approach with reactive 
chemistry. Environ. Int. 8, 461–471.

Pandit, S., Grassian, V.H., 2022. Gas-Phase nitrous acid (HONO) is controlled by surface 
interactions of adsorbed nitrite (NO2

− ) on common indoor material surfaces. Environ. 
Sci. Technol. 56, 12045–12054.

Park, S.S., Hong, J.H., Lee, J.H., Kim, Y.J., Cho, S.Y., Kim, S.J., 2008. Investigation of 
nitrous acid concentration in an indoor environment using an in-situ monitoring 
system. Atmos. Environ. 42 (27), 6586–6596.

Poynter, M.E., Persinger, R.L., Irvin, C.G., Butnor, K.J., van Hirtum, H., Blay, W., 
Heintz, N.H., Robbins, J., Hemenway, D., Taatjes, D.J., Janssen-Heininger, Y., 2006. 
Nitrogen dioxide enhances allergic airway inflammation and hyperresponsiveness in 
the mouse. Am. J. Physiol. Lung Cell. Mol. Physiol. 290 (1), L144–L152.

Rumchev, K., 2004. Association of domestic exposure to volatile organic compounds 
with asthma in young children. Thorax 59 (9), 746–751.

Shen, G., 2016. Changes from traditional solid fuels to clean household energies – 
opportunities in emission reduction of primary PM2.5 from residential cookstoves in 
China. Biomass Bioenergy 86, 28–35.

Shupler, M., Hystad, P., Gustafson, P., Rangarajan, S., Mushtaha, M., Jayachtria, K.G., 
Mony, P.K., Mohan, D., Kumar, P., Pvm, L., Sagar, V., Gupta, R., Mohan, I., Nair, S., 
Varma, R.P., Li, W., Hu, B., You, K., Ncube, T., Ncube, B., Chifamba, J., West, N., 
Yeates, K., Iqbal, R., Khawaja, R., Yusuf, R., Khan, A., Seron, P., Lanas, F., Lopez- 
Jaramillo, P., Camacho, P.A., Puoane, T., Yusuf, S., Brauer, M., 2019. Household, 
community, sub-national and country-level predictors of primary cooking fuel 
switching in nine countries from the PURE study. Environ. Res. Lett. 14 (8), 13.

Singer, B.C., Pass, R.Z., Delp, W.W., Lorenzetti, D.M., Maddalena, R.L., 2017. Pollutant 
concentrations and emission rates from natural gas cooking burners without and 
with range hood exhaust in nine California homes. Build. Environ. 122, 215–229.

Singh, A., Bartington, S.E., Abreu, P., Anderson, R., Cowell, N., Leach, F.C.P., 2024. 
Impacts of daily household activities on indoor particulate and NO2 concentrations; 
a case study from oxford UK. Heliyon 10 (15), e34210.

Smith, J.Z.R., 1999. Emission of carbonyl compounds from various cookstoves in China. 
Environ. Sci. Technol. 33 (14), 2311–2320.

X. Le et al.                                                                                                                                                                                                                                        Atmospheric Environment 382 (2026) 122199 

8 

https://doi.org/10.1016/j.atmosenv.2026.122199
https://doi.org/10.1016/j.atmosenv.2026.122199
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref1
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref1
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref1
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref2
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref2
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref2
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref3
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref3
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref3
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref4
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref4
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref4
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref5
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref5
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref5
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref6
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref6
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref6
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref6
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref6
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref7
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref7
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref7
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref7
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref7
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref8
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref8
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref8
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref9
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref9
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref9
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref9
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref10
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref10
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref10
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref11
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref11
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref11
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref11
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref12
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref12
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref12
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref13
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref13
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref13
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref14
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref14
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref15
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref15
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref16
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref16
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref17
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref17
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref17
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref17
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref18
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref18
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref18
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref19
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref19
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref20
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref20
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref20
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref20
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref21
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref21
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref21
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref22
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref22
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref22
https://www.mohurd.gov.cn/cms_files/filemanager/mohurdold/file/2022/20220930/cf469c73-94de-4133-9b3e-98208d7e7e10.docx
https://www.mohurd.gov.cn/cms_files/filemanager/mohurdold/file/2022/20220930/cf469c73-94de-4133-9b3e-98208d7e7e10.docx
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref26
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref26
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref26
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref26
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref24
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref24
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref24
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref25
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref25
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref25
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref25
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref27
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref27
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref28
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref28
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref28
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref29
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref29
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref29
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref30
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref30
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref30
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref30
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref31
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref31
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref32
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref32
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref32
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref33
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref33
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref33
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref33
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref33
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref33
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref33
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref34
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref34
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref34
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref35
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref35
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref35
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref36
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref36


Spicer, C.W., Kenny, D.V., Ward, G.F., Billick, I.H., 1993. Transformations, lifetimes, and 
sources of NO2, HONO, and HNO3in indoor environments. Air Waste 43 (11), 
1479–1485.

Spicer, R.W.C., Ward, G.F., Joseph, D.W., 1989. Rates and mechanisms of NO2 removal 
from indoor air by residential materials. Environ. Int. 15, 643–654.

Statistics, N.B.o., 2022. China Statistical Yearbook.
Stieb, D.M., Szyszkowicz, M., Rowe, B.H., Leech, J.A., 2009. Air pollution and emergency 

department visits for cardiac and respiratory conditions: a multi-city time-series 
analysis. Environ. Health 8 (1), 25.

Sun, L., Westerdahl, D., Ning, Z., 2017. Development and evaluation of A novel and cost- 
effective approach for low-cost NO2 sensor drift correction. Sensors 17 (8), 1916.

Tan, C.C.L., Finney, K.N., Chen, Q., Russell, N.V., Sharifi, V.N., Swithenbank, J., 2012. 
Experimental investigation of indoor air pollutants in residential buildings. Indoor 
Built Environ. 22 (3), 471–489.

Tryner, J., Phillips, M., Quinn, C., Neymark, G., Wilson, A., Jathar, S.H., Carter, E., 
Volckens, J., 2021. Design and testing of a low-cost sensor and sampling platform for 
indoor air quality. Build. Environ. 206, 108398.

Wei, P., Ning, Z., Ye, S., Sun, L., Yang, F., Wong, K., Westerdahl, D., Louie, P., 2018. 
Impact analysis of temperature and humidity conditions on electrochemical sensor 
response in ambient air quality monitoring. Sensors 18 (2), 59.

Yamanaka, S.i., 1984. Decay of rates of nitrogen oxides in a typical Japanese living room. 
Environ. Sci. Technol. 18, 566–570.

Yang, W., Lee, K., Chung, M., 2004. Characterization of indoor air quality using multiple 
measurements of nitrogen dioxide. Indoor Air 14 (2), 105–111.

Ye, J., Shi, S., Yu, T., Liu, C., Li, J., Ding, Z., Huang, Z., Qian, H., 2023. Emissions of 
formaldehyde and nitrogen dioxide from liquefied petroleum gas combustion. 
Process Saf. Environ. Prot. 177, 1225–1233.

Yin, H., Liu, C., Zhang, L., Li, A., Ma, Z., 2019. Measurement and evaluation of indoor air 
quality in naturally ventilated residential buildings. Indoor Built Environ. 28 (10), 
1307–1323.

Zhang, J., Smith, K.R., 2007. Household air pollution from coal and biomass fuels in 
China: measurements, health impacts, and interventions. Environ. Health Perspect. 
115 (6), 848–855.

Zheng, Z., Zhang, H., Qian, H., Li, J., Yu, T., Liu, C., 2022. Emission characteristics of 
formaldehyde from natural gas combustion and effects of hood exhaust in Chinese 
kitchens. Sci. Total Environ. 838, 156614.

X. Le et al.                                                                                                                                                                                                                                        Atmospheric Environment 382 (2026) 122199 

9 

http://refhub.elsevier.com/S1352-2310(26)00429-2/sref38
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref38
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref38
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref37
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref37
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref39
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref40
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref40
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref40
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref41
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref41
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref42
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref42
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref42
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref43
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref43
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref43
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref44
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref44
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref44
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref45
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref45
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref46
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref46
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref47
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref47
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref47
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref48
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref48
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref48
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref50
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref50
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref50
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref51
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref51
http://refhub.elsevier.com/S1352-2310(26)00429-2/sref51

	Determination of NO2 emission rates from residential gas stoves with continuous indoor monitoring
	1 Introduction
	2 Methods
	2.1 Measurement household
	2.2 Instruments and measurement procedure
	2.3 Measurement of air exchange rate and NO2 decay rates
	2.4 Calculation of NO2 emission rate and emission factor
	2.5 Estimation of LPG consumption
	2.6 Experimental condition controls

	3 Results and discussion
	3.1 Variation of NO2 concentrations in kitchens after gas stove use
	3.2 Air exchange rates and NO2 decay rates
	3.3 NO2 emission rates and emission factors
	3.3.1 NO2 ​emission rates
	3.3.2 NO2 emission factors

	3.4 Factors influencing NO2 emission rates from gas stoves
	3.4.1 Fuel combustion rates
	3.4.2 Influence of using AER or total NO2 decay rates

	3.5 Implication on indoor chemistry

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	Appendix A Supplementary data
	Data availability
	References


