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ABSTRACT 
 

Cooking oil fumes (CF) coming from night market stalls exhaust contain substantial amounts of air pollutants such as 
carbonyl compounds that may contribute to outdoor air pollution and may have adverse health effects on the Taiwanese 
population. Carbonyl emission characteristics depend on several factors, which include but are not limited to, the cooking 
style and food material being used. The current study evaluated carbonyl compound emissions from two scenarios: a 
standard kitchen cooking classroom with a stack gas tunnel and night market food stalls. The different cooking styles and 
food types cooked using a liquefied petroleum gas (LPG) stove, such as grilled chicken with (GCS) and without sauce 
(GC), mixed barbecue with sauce (MBS), grilled vegetables with sauce (GVS), stir-fried oyster omelet (OM), fried 
Taiwanese chicken nuggets (FN) in the kitchen cooking classroom, and grilled chicken with (GCS) and without sauce 
(GC), stir-fried oyster omelet (OM), grilled vegetables with sauce (GVS), and fried steak (FS) in the night market were 
evaluated for carbonyl carbon emissions. OM from the kitchen classroom and GCS from the night market showed the 
highest mean total carbonyl compound concentrations (1850 ± 682 ppb and 1840 ppb). Formaldehyde was found to be the 
most predominant carbonyl compound, with contribution percentages ranging from 70.9–99.58% of the total carbonyl 
emission factors in CFs. Grilled vegetables with sauce had the highest emission factor magnitude of 274 µg kg–1 wt. 
Factors such as the addition of sauce and grilling were also observed to increase carbonyl compound emissions. 
Corresponding health risks of carbonyl compounds in CFs for the night market vendors were also assessed. All values for 
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cancer risk (R) were above the standard R value for workplace exposure, and HQ values were all greater than 1, suggesting 
a high risk for adverse health effects. Although our reported values were relatively high due to our sampling conditions, 
our study was first to be conducted in Taiwan and holds an important contribution to the global existing data of carbonyl 
compound emissions. 
 
Keywords: Cooking oil fumes; Carbonyl compounds; Health risks; Air pollutants; Night market. 
 
 
 
INTRODUCTION 
 

Night markets, which are often congested with food 
stalls, are a cultural characteristic of Taiwan, with over 100 
night markets scattered all over the country. Stir-frying and 
deep-frying are two common Taiwanese cooking styles, 
which often involve pre-heating of oil to the smoking point 
before putting in the ingredients, most often over natural 
gas or electric burners. These cooking methods produce 
fumes generally called cooking oil fumes or cooking fumes 
(CFs), which contribute to outdoor air pollution. Previous 
CF studies have found several hazardous air pollutants, 
including particulate matter (Gao et al., 2013), volatile 
organic compounds (VOCs) (Cheng et al., 2016), polycyclic 
aromatic hydrocarbons (PAHs) (Shen et al., 2011; Chen et 
al., 2019), and carbonyl compounds (Cheng et al., 2015). 
Among these pollutants in CFs, carbonyl compounds are 
one of the most severe contaminants because they pose the 
most damage to human health by affecting lung functions 
due to high emissions and carcinogenic properties. 

The formation of carbonyl compounds can be attributed 
mainly to either direct emission sources or via atmospheric 
oxidation of hydrocarbons in the atmosphere (Ho et al., 2006; 
Murillo et al., 2012). Secondary photochemical production 
has also been reported to be a major carbonyl source (Sarkar 
et al., 2017). Some plant species are regarded as natural 
sources of biogenic emissions of carbonyl compounds in the 
environment as well (Muller et al., 2002; Wildt et al., 2003; 
Villanueva-Fierro et al., 2004). Additionally, incomplete 
combustions of carbonaceous materials contribute greatly 
to the major emissions of carbonyls (Ho et al., 2006). 
Anthropogenic sources of carbonyl compounds include 
cooking activities, which involve the combustion of cooking 
fuels such as liquefied petroleum gas, natural gas, coal, 
and kerosene, as well as heating of fats and oils or other 
biomass (Shields et al., 1995; Zhang and Smith, 1999; Lin 
and Liou, 2000; Schauer et al., 2001; Svendsen et al., 2002; 
Fullana et al., 2004a, b; Popovicheva et al., 2017). Carbonyls 
such as formaldehyde, acetaldehyde and propionaldehyde 
derived from cooking operations have been listed by Clean 
Air Act Amendments of 1990 as air toxics (U.S. EPA, 
1991; Yao et al., 2015). Previous studies have investigated 
the main commercial cooking sources for carbonyl emissions. 
Ho et al. (2006) determined the emission levels of 13 
carbonyl compounds from different restaurant exhausts based 
on different cooking styles and observed that formaldehyde 
had the most abundant distribution (12–60%), followed by 
acrolein, which contributed 30%, particularly in the western-
style steak restaurant exhaust. Consequently, long-chain 
saturated carbonyls such as heptanal, octanal, and nonanal 

have been found to be at significantly high concentrations 
among kitchens utilizing cooking oils. Currently, local-
style fast food stops contribute the highest annual carbonyl 
emissions in Hong Kong. The C1–C8 carbonyl emissions 
factors (EFs) were investigated by Xiang et al. (2017) for 
different Chinese cooking styles. They reported that barbecue 
cooking had the highest carbonyl EF (1.60 µg kg–1), which 
was followed in order by frying (1.53 µg kg–1), teppanyaki 
(1.23 µg kg–1), and stir-frying (0.699 µg kg–1), while frying 
showed the highest health risk for carbonyl emission 
exposure. Meat dishes and sunflower oil were among the 
food materials and oil types that also carried the highest 
levels of carbonyl emissions. Likewise, previous studies have 
also reported the abundance of formaldehyde, adetaldehyde, 
acrolein, and nonanal in frying using various type of oils 
such as seed oils, canola oil, and olive oil (Schauer et al., 
2002; Fullana et al., 2004a, b). In Kaohsiung, Taiwan, in 
both the summer and winter seasons restaurant emissions 
are considered to be one of the primary pollution sources, 
with contributions amounting to 20%–30% of carbonyl 
compounds in the atmospheric environment (Wang et al., 
2010). 

Carbonyl compounds are known to pose adverse health 
effects to the general public (Lü and Liu, 2016), and they 
play an important role in the existence of ground-level 
ozone due to their known characteristic as precursors for 
free radical formation (Ho et al., 2006; Alvim et al., 2018). 
For these reasons, the assessment of sources for carbonyl 
compound emissions as well as the measurement of their 
ambient levels have been regarded as matters of the utmost 
importance. Humans systemically absorb carbonyl 
compounds via inhalation and dermal contact due to their 
characteristic low boiling points as well as their high vapor 
pressures (Chen et al., 2012; Ramírez et al., 2012; Du et 
al., 2014; Villanueva et al., 2015; Sarigiannis et al., 2011). 
The International Agency for Research on Cancer (IARC) 
has classified formaldehyde, which is the most common 
and abundant carbonyl found in air, as a Class I human 
carcinogen (IARC, 2006). Acetaldehyde was also regarded 
as a carcinogen despite the insufficiency of investigation 
that documents its magnitude of carcinogenicity (Baez et 
al., 2003). Due to the carcinogenic properties of some 
carbonyls, their potential cancer/non-cancer risks to indoor 
populations have been assessed (Chang et al., 2019). Health 
risk assessments have been conducted on the adverse 
health effects of cooking fumes and have also reported in 
previous epidemiological studies. Several studies conducted 
in Singapore, Hong Kong, Taiwan, and Shanghai, Nanjing, 
and Gansu in China have reported significant correlations 
between cooking behavior and the risk of developing 
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cancer (Ko et al., 1997; Chiu et al., 2004; Xue et al., 2016). 
Additionally, cooking activities, and in particular, frying, 
have been reported to increase the chances of lung cancer 
development among nonsmoking women in Hong Kong 
through cumulative exposure (Yu et al., 2006). Aside from 
cancer, a variety of respiratory ailments, such as lower 
airway infection in children (Smith et al., 2000), chronic 
obstructive pulmonary disease (Anderson, 1979), tuberculosis 
(Perez-Padilla et al., 2001), and asthma (Kumar et al., 2008), 
have been also linked to cooking fumes derived from 
cooking activities utilizing biofuels. Cumulative exposure 
to daily cooking fumes has also been associated with risks 
related to the development of cardiovascular disease (Dutta 
et al., 2012). Overall, due to the observed adverse health 
effects caused from cooking fume exposure, cooking, a 
seemingly safe daily life activity, has been placed under 
scrutiny (Nayek et al., 2017).  

To that end, the Taiwanese government has already 
begun to take precautions related to carbonyl compounds 
emissions, particularly sources such as traditional night 
markets, which consist of congested rows of food stalls. 
Night markets are a popular cultural Taiwanese tradition. 
The food stalls in night markets comprise various cooking 
styles and food materials, which may have different carbonyl 
compound emissions characteristics from those of restaurants 
and household kitchens. Therefore, it is imperative that 
cooking fumes produced in these locations be investigated 
to develop future actions or policies that will lessen public 
exposure to carbonyl compounds. Currently, there is a lack 
of global data concerning carbonyl compound emissions 
from night markets, particularly in Taiwan. Also, most of 
the previous studies on this topic have investigated 
cooking fumes produced in indoor environments such as 
restaurants and household kitchens and other emissions 
sources such as industrial and vehicle exhausts (Guerra et 
al., 2017; Tsai et al., 2018). Our study is aimed toward 
developing an understanding of the carbonyl compound 
emission characteristics in CF collected from the vent hood 
exhausts of a standard kitchen cooking classroom based on 
the cooking style and food material cooked. Subsequently, 
the cooking fumes from Taiwanese night markets are 
investigated for their carbonyl compounds level and 
distribution. Lastly, a health risk assessment is conducted 
for night market vendors. 
 
METHODOLOGY 
 
Sample Collection 

This research is a part of the air pollutant in night market 
study (APNM) “Establishment of air pollutant emission 
factor in night markets of Taiwan in 2018” conducted from 
January to April 2018. The air pollutants in the APNM study 
include TPM (PM2.5 and PM10), SO2, NOx, CO, carbonyl 
compounds, and polycyclic aromatic hydrocarbons (PAHs). 
The emission factors of these air pollutants in night markets 
were mainly referenced from United States Environmental 
Protection Agency (US EPA) Test Method 5G and the final 
report on emissions from street vendor cooking devices 
(charcoal grilling) with several modifications (Lee et al., 

1999a, b). According to the study design, two sampling 
programs were used in the present study. The first sampling 
program was used to determine the carbonyl compound 
emission factors in CF. CF samples were collected through 
the consistent-flow dilution tunnel after CF was generated in 
an oven. The cooking and sampling devices were established 
in a standard kitchen classroom. The second sampling 
program was used to conduct a risk assessment via direct 
collection of CF samples near a street vendor in a night 
market. 

For the kitchen classroom sampling program, the 
experimental system was combined with a cooking device 
and a full-flow, aspirated-air stack gas tunnel equipped with 
an air sampling module (Fig. S1) established in the kitchen 
classroom of Chia Nan University of Pharmacy & Science. 
The samples included CFs from grilled chicken with and 
without sauce (Taiwanese ji pai) (GCS and GC), mixed 
barbecue with sauce (MBS), grilled vegetables (green bell 
pepper, white onion, and green beans) with sauce (GVS), 
stir-fried oyster omelet (OM), and fried Taiwanese chicken 
nuggets (FN). Each cooking style underwent triplicate tests 
and sampling. Carbonyl compound sampling was carried 
out according to the United States Environmental Protection 
Agency (U.S. EPA) Method 18 (Winberry, 1990). Each CF 
sample was collected in a 10-L Tedlar bag (SKC-10L) 
placed inside a vacuum sampling box (SKC-40L). CF was 
sucked into the Tedlar bag through a Teflon tube, which was 
connected to the Tedlar bag on one end and was connected 
directly into the stack gas tunnel on the other end, using a 
sampling pump (GilAir Plus, Sensidyne, USA). Each 
sampling lasted 10 minutes at a fixed flow rate of 1 L min–1 
(GilAir Plus, Sensidyne, USA), which was enough time to 
fill the 10-L Tedlar bags. 

For collection of real CF samples in the night market, 
our researchers gathered CFs from the street vendors at 
Pingtung City Night Market at night (7–9 pm) from 
February to April 2018. CF samples from the street vendors 
include grilled chicken meat with and without sauce (GCS 
and GC), stir-fried oyster omelette (OM), grilled vegetables 
with sauce (GVS), and fried steak (FS). CFs from the 
street vendor were collected in the 10-L Tedlar bag via a 
Teflon tube, which was connected to the Tedlar bag on one 
end and was placed directly overhead the sample being 
cooked on the other end, using a sampling pump (Fig. S2). 
After sampling in the kitchen classroom and at the street 
vendors, all Tedlar bags were stored in a black opaque 
plastic bag to avoid photodegradation. The samples were 
transported to National Pingtung University of Science and 
Technology for pre-treatment and analysis. 
 
Pre-treatment 

U.S. EPA Method TO-11 and Taiwanese EPA (TEPA) 
Method NIEA A725.72B were used to extract and analyze 
the carbonyl compounds in the CFs, respectively. The CF 
samples, previously collected in Tedlar bags, were 
individually and immediately pumped through a silica 
cartridge coated with 2,4-dinitrophenylhydrazine (2,4-DNPH) 
(Dikmatech, 400 mg) at a flow rate of 0.150 L min–1 for 
7 minutes. All carbonyl compounds were then captured 
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within the cartridge and were converted to its corresponding 
hydrazine derivatives. The sampled cartridges were slowly 
eluted with 4 mL acetonitrile into a vial. The eluted solutions 
were then stored for analysis using a high performance 
liquid chromatograph (HPLC) with an ultraviolet (UV) 
detector (λ = 360 nm). 

 
Analysis of Carbonyl Compounds 

Twelve carbonyl compounds (acetaldehyde, butyraldehyde, 
crotonaldehyde, cyclohexanone, decanal, formaldehyde, 
heptanal, hexaldehyde, nonanal, octanal, propanaldehyde, and 
valeraldehyde) (external standard: M-554-DNPH-R1, 
AccuStandard, USA) were identified and quantified. The 
standard solutions were diluted to concentrations of 0.05, 
0.1, 0.5, 1, 10, and 20 ppm. The standard solutions and 
cartridge extracts were analyzed by injecting 20 µL of the 
solution into an HPLC system (Hitachi, Japan) coupled 
with UV/Vis detector (Chromaster 5420, Hitachi, Japan) 
and a column oven (Super CO-150, Enshine, Taiwan). A 
separation column (C18, 4.6 × 250 mm, 5 µm) was used to 
separate the aforementioned carbonyl compounds and was 
operated at room temperature. The mobile phase consisted 
of two solvent mixtures: solvent A, 70/30 (v/v) acetonitrile/ 
water and solvent B, acetonitrile. The gradient program 
was operated in the following manner: First, solvent A was 
maintained for 20 minutes; second, solvent A and B in 
15 minutes, and third, solvent B was maintained for 
15 minutes. The flow rate was maintained at 1.2 mL min–1. 

Quality assurance and quality control (QA/QC), which 
included a blank test (field and cartridge blank), limits of 
detection (LOD), and the recovery rate of internal standards 
and surrogate standards, in the present study was 
performed according to TEPA Method NIEA A725.72B. 
The acceptable recovery rates of the carbonyl compounds 
spiked standards ranged from 80 to 120% according to the 
NIEA A725.72B standard. The recovery rates of the 
carbonyl compounds in the present study ranged from 
81.6% to 119.8%. The relative percent differences (RPDs) 
for the duplicate analyses were lower than 5%. The LOD 
values of the carbonyl compounds were defined based on a 
3 times signal-to-noise (S/N) ratio, which ranged between 
0.023 and 0.107 ppb. The concentrations of carbonyl 
compounds below the LOD (limit of detection) were set at 
zero for further statistical analysis. All statistical analyses 
were performed using Statistical Product and Service 
Solutions version 12.0. 

 
Risk Assessment 

In the present study, non-cancer and cancer risks were 
assessed by considering direct inhalation exposure of the 
night market vendors in an outdoor environment to 
carbonyl compounds to night market cooking fumes, and 
were calculated according to (U.S. EPA, 2011; Zhang et 
al., 2018) guidelines as follows:  

 
HQ = EC/RfC (1) 
 
where HQ is the non-cancer risk (hazard quotient); EC is 
the inhalation exposure concentration (mg m–3), and RfC is 

the reference concentration (mg m–3). EC was calculated as 
follows: 

 
carbonyl concentration ET EF ED 0.9

EC
AT 365

   



 (2) 

 
where the carbonyl concentration is in mg m–3; ET is the 
exposure time (hrs day–1); EF is the exposure frequency 
(days year–1); ED is the exposure duration (years); 0.9 is the 
absorption factor for both formaldehyde and acetaldehyde, 
and AT is the average lifetime of Taiwanese people in 
2015 (years). 

Formaldehyde and acetaldehyde are considered to be 
carcinogenic, for which the cancer risk was calculated as 
follows: 

 
R = CDI × SF (3) 

 
where R is the cancer risk; CDI is the chronic daily intake 
via inhalation (mg kg–1 day–1), and SF is the cancer slope 
factor via inhalation ((mg kg–1 day–1)–1). CDI and SF were 
defined as follows: 

 
carbonyl concentration IR ET EF ED 0.9

CDI
BW AT 365

    


 
 (4) 

 
URF BW 1000

SF
IR

 
  (5) 

 
where IR is the inhalation rate for Taiwanese adults (m–3 hr 
for CDI, m–3 day for SF); BW is the average body weight 
of Taiwanese adults in 2015 (kg); URF is the inhalation 
unit risk factor (m–3 µg), and 1000 is the conversion factor 
to mg. 

The risk parameters used in the present study were those 
provided by the U.S. EPA Integrated Risk Information 
System (U.S. EPA-IRIS, 2017), the US Department of Health 
and Human Service Agency for Toxic Substances and 
Disease Registry (ATSDR, 2017), California Environmental 
Protection Agency, Air Resources Board and Office of 
Environmental Health Hazard Assessment (CARB/OEHHA, 
2017), and from a report from the National Health 
Insurance Administration of the Ministry of Health and 
Welfare in Taiwan (MOHW, 2015). The corresponding 
values of the risk parameters are listed in Table S1. 
 
RESULTS AND DISCUSSION 
 
Carbonyl Compound Concentrations in the Stack Gas 
from Kitchen Cooking Classroom 

The mean levels and mean total concentrations of 
carbonyl compounds in the exhaust coming from the stack 
tunnel for different cooking styles and food types in the 
kitchen cooking classroom were evaluated. The values are 
shown in Table 1 and Fig. 1. The percentage of contribution 
of each of the carbonyl compounds are also shown in 
Fig. 2(a). The oyster omelet (OM) exhaust exhibited the 
highest mean total carbonyl concentration, with a value of 
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Table 1. Concentrations of carbonyl compounds of cooking oil fumes in the stack gas tunnel (ppb). 

Carbonyl compound 
Grilled chicken 

Grilled 
vegetables 
with sauce 
(GVS) 

Mixed 
barbecue 
with sauce 
(MBS) 

Oyster 
omelet 
(OM) 

Fried 
Taiwanese 
chicken 
nuggets (FN) 

with sauce 
(GCS) 

without sauce
(GC) 

Formaldehyde (FA) 1080 ± 9.72 1030 ± 183 946 ± 119 914 ± 146 1390 ± 518 942 ± 135 
Acetaldehyde (AA) 9.05 ± 1.60 12.2 ± 0.262 0.136 ± 0.117 6.55 ± 3.58 328 ± 540 47.3 ± 30.4 
Propionaldehyde (PA) 7.19 ± 4.23 9.84 ± 1.34 2.46 ± 0.673 5.93 ± 0.369 3.92 ± 102 < LOD 
Crotonaldehyde (CA) 5.81 3.68 ± 2.50 < LOD < LOD 1.12 < LOD 
Butanal (BT) < LOD < LOD < LOD < LOD 77.9 < LOD 
Mean 1100 ± 519 1040 ± 517 969 ± 502 927 ± 460 1850 ± 682 988 ± 497 

< LOD: lower than limit of detection. 

 

 
Fig. 1. Concentrations and emission factors of carbonyl compounds of cooking oil fumes from the stack gas tunnel. 

 

1850 ± 682 ppb, followed by that of the grilled chicken 
meat with (GCS) (1100 ± 519 ppb) and without sauce (GC) 
(1040 ± 517 ppb), fried Taiwanese chicken nuggets (CN) 
(988 ± 497 ppb), grilled vegetables with sauce (GVS) (969 
± 502 ppb), and mixed barbecue with sauce (MBS) (927 ± 
460 ppb). Formaldehyde (FA) was the most abundant 
carbonyl compound among all of the cooking styles and food 
type emissions. OM showed the highest FA concentration of 
1390 ± 518 ppb, with a contribution accounting for 70.9% 
of the total OM carbonyl compound emissions. Also, high 
FA concentrations were observed in GCS and GC, with 
values of 1080 ± 9.72 ppb and 1030 ± 183 ppb while GVS, 
FN and MBS had concentrations of 946 ± 119 ppb, 942 ± 
135 ppb, and 914 ± 146 ppb, respectively. Overall, the 
contribution percentages of FA in all food types were in 
the range of 70.9%–99.7%. Acetaldehyde (AA) was the 
second most abundant carbonyl compound in the kitchen 
cooking classroom samples, with the highest concentration 
attributed to the OM exhaust (328 ± 540 ppb) and with a 
percentage contribution of 16.7% of the total OM carbonyl 
emissions. This was followed by the AA concentrations in 
decreasing order: CN (47.3 ± 30.4 ppb), GC (12.2 ± 
0.262 ppb), GCS (9.05 ± 1.60 ppb), MBS (6.55 ± 3.58 ppb), 
and GVS (0.136 ± 0.117 ppb). Propionaldehyde (PA) 
levels were the most abundant in the GC exhaust at 9.84 ± 

1.34 ppb followed by that of the GCS (7.19 ± 4.23 ppb), 
MBS (5.93 ± 0.369 ppb), OM (3.92 ± 102 ppb), and GVS 
(2.46 ± 0.673 ppb), respectively. No PA levels were found 
in the FN exhaust. Although the PA level of OM was 
considerably lower than the other kitchen cooking classroom 
food types, it contributed 8.1% of the total carbonyl 
compounds detected in the exhaust. Crotonaldehyde (CA) 
levels were only detected in GCS (5.81 ppb), GC (3.68 ± 
2.50 ppb), and OM (1.12 ppb), and Butanal (BT) levels 
were only detected in OM at 77.9 ppb. 
 
Carbonyl Compound Concentrations in the Night Market 

In this study, the carbonyl compounds concentrations 
coming from the Taiwanese night market cooking fumes 
(Table 2) were also quantified, and their profile distribution is 
shown in Fig. 2(b). In this location, the cooking styles and 
food types considered were grilled chicken meat with 
sauce (GCS) and without sauce (GC), oyster omelet (OM), 
grilled vegetables with sauce (GVS), and fried steak (FS). 
GCS showed the highest total carbonyl compound mean 
concentrations of 1840 ppb, followed by FS (1300 ppb), 
OM (959 ppb), GC (840 ppb), and GVS (784 ppb), in that 
order. FA levels detected in the night market cooking oil 
fumes were the highest among all the carbonyl compounds, 
with concentrations observed in decreasing order as GCS  
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 (a) (b) 

Fig. 2. Composition percentage of carbonyl compounds in the night market cooking fumes (A) collection samples in stack 
gas tunnel from the standard kitchen classroom (B) collection samples from the outdoor food vendors in the night market. 

 

Table 2. Mean concentrations of carbonyl compounds in night market cooking oil fumes (ppb) (pooled samples). 

Carbonyl 
compound 

Grilled chicken Oyster omelet 
(OM) 

Grilled vegetables 
with sauce (GVS) 

Fried steak
(FS) with sauce (GCS) without sauce (GC)

Formaldehyde (FA) 1770 830 955 762 1240 
Acetaldehyde (AA) 48.1 5.87 0.070 10.8 27.5 
Propionaldehyde (PA) 22.3 4.63 3.92 10.9 16.3 
Crotonaldehyde (CA) 4.99 < LOD < LOD < LOD 7.62 
Total 1840 840 959 784 1300 

< LOD: lower than limit of detection. 

 

(1770 ppb) > FS (1240 ppb) > OM (955 ppb) > GC (830 ppb) 
> GVS (762 ppb). The FA distribution percentages in all of 
the night market samples were observed to be in the range 
of 95.5%–99.58%. AA was also detected among the night 
market cooking oil fumes, with the highest concentration 
coming from GCS at 48.1 ppb, with a percentage 
contribution of 2.61%. Other night market samples showed 
AA concentrations of 27.5 ppb (FS), 10.8 ppb (GVS), 
5.87 ppb (GC), and 0.070 ppb (OM), with contribution 
percentages within the range of 0.007%–2.61%. In addition, 
PA concentrations were also detected in decreasing order 
as GCS (22.3 ppb) > FS (16.3 ppb) > GVS (10.9 ppb) > 
GC (4.63 ppb) > OM (3.92 ppb). CA was only detected in 
GCS (4.99 ppb) and FS (7.62 ppb). 

In a study conducted by Ho et al. (2006) evaluating 
carbonyl emissions from commercial cooking sources in 
Hong Kong, the total aldehyde emission was observed to 
be in the range of 81.8–831 ppb, while Huang et al. (2011) 
reported that the total carbonyl levels from Hong Kong 
residential cooking activities were in the range of 185–
241 µg m–3. Cheng et al. (2015) determined the Beijing 
restaurants exhaust total carbonyl levels to be 115–
1040 µg m–3, which was relatively higher compared to 
another Chinese study, which reported the exhaust of 
commercial restaurants to have a total carbonyl compound 

emission level range of 68–314 µg m–3 (Dai et al., 2018). 
Taiwanese studies have reported total carbonyl emission 
levels from restaurant kitchen areas (8.59–45.5 ppb), 
dining areas (3.08–45.1 ppb), and restaurant exhausts (58–
132 ppb) with different cooking styles. 
 
Emission Factors of Carbonyl Compounds in the Stack 
Gas from Kitchen Cooking Classroom 

The emission factors related to the different cooking 
styles and food types in the kitchen classroom are listed in 
Table 3 and Fig. 1. The highest total carbonyl compound 
emission factor was determined to be associated with 
GVS, with a value of 273 ± 45.0 µg kg–1 wt. GCS, and 
MBS showed similar total carbonyl compound emission 
factors with values of 194 ± 87.3 µg kg–1 wt. and 191 ± 
88.6 µg kg–1 wt., respectively. These emission factor values 
were followed by those of OM (162 ± 68.7 µg kg–1 wt.), GC 
(132 ± 59.3 µg kg–1 wt.), and FN (90.4 ± 39.6 µg kg–1 wt.). 
Among all of the carbonyl compounds, the emission 
factors for FA were determined to be the highest, with 
varying values in the range of 86.3–273 µg kg–1 wt. In 
relation to the kitchen cooking classroom samples, the FA 
emission factors were, in decreasing order, GVS (273 ± 
44.9 µg kg–1 wt.) > GCS (192 ± 30.7 µg kg–1 wt.) > MBS 
(188 ± 60.8 µg kg–1 wt.) > OM (138 ± 77.3 µg kg–1 wt.) >  
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Table 3. Carbonyl emission factors (µg kg–1 wt.) of cooking oil fumes in the stack gas tunnel. 

Carbonyl compound 

Emission factor (µg kg–1 wt.) 

Grilled chicken Grilled 
vegetables 
with sauce 
(GVS) 

Mixed 
barbecue 
with sauce 
(MBS) 

Oyster 
omelet  
(OM) 

Fried 
Taiwanese 
chicken 
nuggets (FN)

with sauce 
(GCS) 

without sauce 
(GC) 

Formaldehyde (FA) 192 ± 30.7 129 ± 28.6 273 ± 44.9 188 ± 60.8 138 ± 77.3 86.3 ± 21.9 
Acetaldehyde (AA) 1.57 ± 0.080 1.28 ± 1.13 0.030 ± 0.030 1.23 ± 0.420 13.0 ± 18.3 4.04 ± 1.93 
Propionaldehyde (PA) 1.20 ± 0.480 1.05 ± 0.950 0.710 ± 0.220 1.20 ± 0.230 10.4 ± 18.0 < LOD 
Crotonaldehyde (CA) 0.280 ± 0.480 0.410 ± 0.480 < LOD < LOD < LOD < LOD 
Mean 194 ± 87.3 132 ± 59.3 274 ± 45.0 191 ± 88.6 162 ± 68.7 90.4 ± 39.6 

< LOD: lower than limit of detection. 

 

GC (129 ± 28.6 µg kg–1 wt.) > FN (86.3 ± 21.9 µg kg–1 wt.). 
AA emission factors were also determined, and their values 
were in decreasing order in relation to the kitchen cooking 
classroom samples: OM (13 ± 18.3 µg kg–1 wt.) > FN (4.04 
± 1.93 µg kg–1 wt.) > GCS (1.57 ± 0.0800 µg kg–1 wt.) > GC 
(1.28 ± 1.13 µg kg–1 wt.) > MBS (1.23 ± 0.420 µg kg–1 wt.) 
> GVS (0.030 ± 0.030 µg kg–1 wt.). The highest PA 
emission factor was associated with OM (10.41 ± 18.04 
µg kg–1 wt.). Similar PA emission factors were observed in 
both GCS (1.20 ± 0.480 µg kg–1 wt.) and MBS (1.20 ± 
0.230 µg kg–1 wt.), while PA emission factors in GC and 
GVS were measured to be 1.05 ± 0.950 µg kg–1 wt. and 
0.710 ± 0.220 µg kg–1 wt., respectively. CA was observed to 
have the lowest emission factors in relation to the kitchen 
cooking classroom cooking styles and food types, GC (0.410 
± 0.480 µg kg–1 wt.) and GCS (0.280 ± 0.480 µg kg–1 wt.), 
respectively. Our study was limited to only simulation of 
the carbonyl compound emission factors in CF from the 
stack gas tunnel in the kitchen cooking classroom because 
this study was lacking some information or parameters (i.e., 
dilution time, fuel, cooking habits) from the night market 
cooking oil fume sample that are important in the calculation 
of the emission factors, such as the air dilution levels. In 
addition, night market stall cooks perform multiple tasks at 
the same time, thereby making the determination of the 
emission factors illogical. 

In this study, food cooked by grilling such as GVS, 
GCS, and MBS showed higher carbonyl emission factors. 
According to previous studies, emission factors of carbonyl 
compounds can be influenced largely by the cooking and 
exhaust temperatures. High cooking temperature has been 
reported to accelerate fatty acid breakdown (as based on 
the cooking oil and food type) that may lead to higher 
emission of aldehydes, while high exhaust temperatures 
have been attributed to a favored formation of low molecular 
weight (LMW) carbonyl species such as formaldehyde due 
to the accelerated degradation process of high molecular 
weight (HMW) carbonyl species (Liu et al., 2009; Klein et 
al., 2018). However, increasing the temperature can also 
eliminate LMW carbonyls such as formaldehyde (Xiang et 
al., 2017). Grilling exhaust has been reported to reach 
temperatures of 34.4°C as compared to that of stir-frying 
(31.2–33.8°C) and deep-frying (24.0°C) (Ho et al., 2006). 
Gao et al. (2013) also reported that particle emissions from 

cooking fumes are more likely to be dependent on the 
heating temperature rather than the cooking oil type. Aside 
from the temperature, Klein et al. (2018) reported that the 
use of oils as well as the cooking oil surface are important 
considerations that can influence the emission factors 
related to carbonyl compounds. Peng et al. (2017) indicated 
that utilizing a more gentle cooking style such as stir-frying, 
as well as using cooking oils with low unsaturated fatty 
acid content, can help reduce acetaldehyde emissions. As for 
the smaller aldehydes, they mostly come from cooking meat 
and not from the cooking oil itself (Klein et al., 2018).  

Although GC is classified as a grilled food, its emission 
factor is lower than that of the OM, which can be attributed to 
the fact that there was no sauce added to GC. As shown in 
Fig. 3, the grilled chicken meat carbonyl emission factor 
varied based on the addition/no addition of sauce. Therefore, 
the sauce is an important factor in the determination of the 
carbonyl emission factor. Overall, higher emission factors 
were observed in foods cooked with sauce. Our study 
results provided an indication of the influence of additional 
ingredients such as sauce and condiments on increasing  

 

 
Fig. 3. Emission factors of carbonyl compounds in cooking 
oil fumes with different type of grilled chicken meat. 
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emission factor of carbonyl compounds. For example, a 
commonly used sauce in cooking, soy sauce, was determined 
to have high levels of acetaldehyde, and fermented soy 
sauce was reported to contain 20 carbonyl compounds 
(Yanfang and Wenyi, 2009; Sun et al., 2010). Non-grilled 
food such as OM and FN were observed to have high total 
carbonyl compound mean concentrations. However, the 
emission factors were relatively lower as compared to their 
respective concentrations, which may be attributed to the 
frying duration (Fullana et al., 2004b). OM showed the 
highest emission factor among non-grilled food, which 
may be due to it being composed of more ingredients and 
additives such as sauce as compared to FN. 

In a study conducted by Xiang et al. (2017) 
investigating the impact of carbonyl compound emission 
factors from different Chinese cooking methods, barbeque 
was observed to have the highest carbonyl compound 
emission factor (1.60 µg kg–1 wt.) as compared to frying 
(1.53 µg kg–1 wt.), teppanyaki (1.23 µg kg–1 wt.), and stir-
frying (0.699 µg kg–1 wt.) due to higher fat content 
especially in the case of pork that triggers the peroxyl 
radical reaction. Grilling vegetables has been observed to 
have lower emission factors as compared to grilling meat 
(Schauer et al., 2002). However, GVS was observed to 
have a higher emission factor as compared to the other 
grilled foods containing meat such as GCS and MBS. This 
may be attributed to the fact that GVS had a slightly longer 
cooking duration as compared to GCS and that chicken 
does not have a high fat content as compared to its other 
meat counterparts such as pork and beef. Fullana et al. 
(2004b) indicated the importance of the cooking duration 
in the evaluation of carbonyl emission sources. Although 
GVS and MBS were cooked for the same period of time, 
MBS components did not entirely consist of meat, and the 
meat component also contained low levels of fatty acids. 
Another important consideration would be the amount of 
sauce that was added to each of the grilled foods. GVS 
may have had more sauce as compared to the others.  

Lastly, as Zhang and Smith (1999) indicated, one may also 
consider the type of cooking stove and fuel since these can 
also affect the carbonyl emission characteristics of a source. 
In this study, all stoves generated carbonyl compounds 
while the use of kerosene and LPG as fuel generated the 
most carbonyl compound emissions. Although the emission 
factors for the night market cooking oil fume carbonyl 
compounds were not determined in this study, the emission 

factor from the kitchen cooking classroom may provide a 
glimpse of its emission factor values. However, the 
sampling conditions are relatively different. Thus, we still 
need to consider other factors such as air dilution, other 
sources of carbonyl emissions (e.g., vehicles), etc. that 
may influence the observed carbonyl compound emissions 
in the night market. 
 
Risk Assessment of the Exposure to Night Market 
Cooking Oil Fumes 

The lifetime cancer risk (R) and the hazard quotient 
(HQ) were determined to assess the risk of the exposure of 
night market vendors to formaldehyde and acetaldehyde in 
the cooking oil fumes during operating hours (Table 4). 
The FA cancer risk values for GCS, GC, OM, GVS, and 
FS were found to be 9.65 × 10–3, 4.54 × 10–3, 5.22 × 10–3, 
4.17 × 10–3, and 6.80 × 10–3 mg kg–1 day–1, while the AA 
cancer risk values observed were 1.83 × 10–4, 2.24 × 10–5, 
2.60 × 10–7, 4.09 × 10–5, and 1.05 × 10–4 mg kg–1 day–1. The 
night market cooking fume cancer risk values in this study 
were above the acceptable lifetime cancer risk standard 
value of 10–6, which suggests the importance of promulgating 
emission regulations especially for people who regularly 
work and are exposed to these conditions. All of the night 
market sample HQ values were greater than 1 except that 
of the OM acetaldehyde HQ value. HQ values > 1 are an 
indication of higher risk to adverse health effects with 
long-term exposure to these harmful compounds. The 
estimated toxicity and exposure for FA and AA are shown 
in Figs. 4(a) and 4(b). Overall, GCS showed the highest 
toxicity and exposure as compared to the other night 
market food types for FA and AA emissions. The lowest FA 
and AA toxicity and exposure were observed for GVS and 
OM. Our results indicate an association of the type of food 
and cooking style with the extent of toxicity and exposure 
to emitted carbonyl compounds, which are important factors 
when evaluating emission sources and occupational risk. 

As compared to the FA cancer risk values of the grilled 
Taiwanese night market food in this study, the R values for 
the Chinese and Korean barbeque FA emissions in 
commercial restaurants in China were found to be lower, 
with values of 1.46 × 10–4 and 0.75 × 10–4 (Dai et al., 
2018). While the AA cancer risk values in our study for 
grilled food in the night market were higher for GC and 
lower for GVS when compared to the Chinese and Korean 
barbeque R values for AA at 0.18 × 10–4 and 0.13 × 10–4 in a  

 
Table 4. Cancer risk (R) assessments of exposure to formaldehyde and acetaldehyde for the night market vendors during 
operating hours. 

Carbonyl compound Cancer risk 

 
Grilled chicken Oyster omelet 

(OM) 
Grilled vegetables 
with sauce (GVS) 

Fried steak 
(FS) with sauce (GCS) without sauce (GC)

Formaldehyde (FA) 9.65 × 10–3 4.54 × 10–3 5.22 × 10–3 4.17 × 10–3 6.80 × 10–3 
Acetaldehyde (AA) 1.83 × 10–4 2.24 × 10–5 2.60 × 10–7 4.09 × 10–5 1.05 × 10–4 
 Hazard quotient non-cancer risk 
Formaldehyde (FA) 4.02 1.89 2.17 1.74 2.83 
Acetaldehyde (AA) 12.3 1.51 0.0175 2.76 7.04 
Total 16.3 3.40 2.19 4.49 9.87 
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(a)  

 
(b)  

Fig. 4. Noncancer risks of (a) formaldehyde and (b) acetaldehyde from cooking oil fumes in a real night market scenario 
based on occupational exposure. 

 

study conducted by Dai et al. (2018). Aside from barbeque, 
Dai et al. (2018) also reported the FA and AA cancer risk 
values of food types such as Szechwan hotpot (0.27 × 10–4 
and 0.29 × 10–4), Hunan cuisine (0.50 × 10–4 and 0.13 × 10–4), 
Shaanxi noodle (0.35 × 10–4 and 0.10 × 10–4), Chinese 
vegetarian food (0.44 × 10–4 and 0.11 × 10–4), Italian food 
(0.26 × 10–4 and 0.06 × 10–4), and Indian food (0.66 × 10–4 
and 0.19 × 10–4), respectively. Overall, the FA cancer risk 

values in our study were higher, while the R values of AA 
were relatively comparable. In addition, Taiwanese night 
market food cancer R values were also higher as compared 
to those of the home kitchens in a Hong Kong study 
conducted by Huang et al. (2011), with FA and A cancer 
risk values of 1.05 × 10–5 and 3.05 × 10–6 (Dwelling A), 
and 1.57 × 10–5 (Dwelling B). The R values of both FA 
and AA for the Taiwanese night market food were also 
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relatively higher as compared to that of other food types 
for total R values coming from the different cooking styles 
in restaurant dining areas in Taiwan such as Chinese buffet 
(1.96 × 10–8) and hotpot (1.31 × 10–6), Japanese barbeque 
(1.15 × 10–6), Western fast food (3.88 × 10–8), Chinese-
western mixed style (5.10 × 10–8), and Chinese stir-frying 
(5.67 × 10–8) (Cheng et al., 2016). Similarly, our FA and 
AA values were also higher as compared to those of the 
total R values of cooking styles simulated in a Chinese lab, 
including barbeque (2.35 × 10–7), teppanyaki (2.08 × 10–7), 
frying (2.66 × 10–7), and stir-frying (1.51 × 10–7) (Xiang et 
al., 2017). Our reported total HQ values were also higher 
as compared to the reported values from a study conducted 
by Cheng et al. (2016) except for the Japanese barbeque, 
which had a higher value of 18.81. One possible reason for 
the high values determined in this study is the fact that the 
sampling of the carbonyl compounds in the night market 
cooking fumes did not allow for any air dilution therefore 
resulting in more concentrated levels of the carbonyl 
compounds detected in the cooking fume samples from the 
different Taiwanese night market cooking styles, thereby 
increasing the cancer risk value. However, our reported 
values may have significant contributions to the global 
data on carbonyl compounds and for the implementation of 
regulations regarding the cooking fume carbonyl emission 
standards in Taiwanese night markets. In addition, people 
exposed to this kind of working conditions are advised to 
take precautions when being exposed to the cooking fumes 
coming from their respective food stall exhausts.  

In conclusion, we cannot directly compare our values to 
previous studies due to our study having a different sampling 
condition and several limitations. Firstly, we directly 
sampled the CF exhausts, which only allowed aspirated-air 
dilutions in the present study, thereby resulting in detection 
of higher levels and emissions factors, leading to calculations 
indicating higher health risk values, and the carbonyl 
compounds in the night market were collected during the 
actual night market operating hours. The difference in our 
sampling conditions from those of previous studies make 
our study difficult to compare with the existing global 
data. Secondly, the limitations include the complexity of 
the night market sampling itself, which is attributed to the 
food vendors using different types of sauce and utilizing 
the same cooking styles but different food materials. Also, 
the cooking stoves, ovens, and the fuel types used were 
different and were not considered in this study. Lastly, our 
study also did not consider the cooking habits of the night 
market food vendors, which may have some effect on the 
carbonyl compound emissions. Although our study poses 
these limitations, our study was the first in which an 
evaluation of carbonyl compound emissions in a night 
market was conducted, which may have an important role 
in the regulation of carbonyl emissions coming from CFs 
and in the evaluation of its impact on human health 
especially because night markets are important culturally 
in Taiwan. Our reported values may provide significant 
contributions to the global data on indoor and outdoor 
carbonyl compounds as well. 
 

CONCLUSIONS 
 

Carbonyl compound emissions in cooking fumes and 
corresponding cancer/non-cancer risks resulting from 
different cooking styles in both a kitchen cooking classroom 
setting and in Taiwanese night market food stalls were 
evaluated in this study. Overall, formaldehyde was the most 
dominant carbonyl in all of the cooking fume samples. In 
terms of cooking style, grilled food had higher carbonyl 
compound emissions as compared to the other cooking styles. 
Important factors such as cooking and exhaust temperatures, 
cooking duration, the type of food material, and cooking 
oil were shown to have contributions to the variations in 
carbonyl compound emissions. The addition of sauce is also 
an important factor in the increase of carbonyl compound 
levels due to the fact that sauce contains additional 
components that may contribute to more carbonyl compound 
emissions as compared to food without additional sauce. 
The highest emission factor was observed for the kitchen 
cooking classroom grilled vegetables with sauce as compared 
to the other food types possibly due to its longer cooking 
period and sauce components. For the risk assessment of 
night market vendors, our values exceeded the standard 
cancer risk value, and the HQ values were all > 1, 
suggesting that there is a higher risk of adverse health 
effects for occupational workers. Although our reported 
values were relatively high due to the absence of air 
dilution, and several other factors that may have had an 
effect on the evaluation of carbonyl compounds in the 
night market were not taken into consideration, our study 
is considered to be the first in Taiwan on this topic, and it 
provides an important contribution to the existing global 
data on carbonyl compound emissions. 
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