Indoor Environments 1 (2024) 100008

e
Contents lists available at ScienceDirect -
indoor
Indoor Environments
journal homepage: www.sciencedirect.com/journal/indoor-environments = w

Check for
updates

Spatial and temporal variation of cooking-emitted particles in distinct zones
using scanning mobility particle sizer and a network of low-cost sensors

Rubal Dhiman®, Rajat Sharma®, Akshat Jain”, Anirudha Ambekar™”, Thaseem Thajudeen™”"",
Sarath K. Guttikunda‘

2 School of Mechanical Sciences, Indian Institute of Technology Goa, India

b Center of Excellence in Combustion Science, Indian Institute of Technology Goa, India

¢ Center of Excellence in Particulates, Colloids, and Interfaces, Indian Institute of Technology Goa, India
4 TRIP-Centre, Indian Institute of Technology New Delhi, India

ARTICLE INFO ABSTRACT

Exposure to ambient and household fine-particulate matter is identified as a substantial contributor to premature
mortality in India, according to the Global Burden of Disease Studies. This study examines the impacts of typical
Indian cooking practices on indoor air quality characteristics by monitoring the evolution of fine and ultrafine
particle (UFP) concentration in the dining facility of a residential educational institute in India. The monitoring
area was spread across the kitchen (zone 1) and the dining hall (zone 2). A combination of validated low-cost PM
sensors (LCS), DustTrak8433, and Scanning Mobility Particle Sizer (SMPS) was utilized for real-time data ac-
quisition while using Liquefied Petroleum Gas (LPG) as the cooking fuel. PM, 5 and UFP concentrations were
monitored at 1.3 m and 1.8 m from the floor to assess the vertical variation of pollutants during cooking ac-
tivities, including breakfast, lunch, and dinner, and processes such as preheating, reheating, stir-frying, and
deep-frying. It was found that the prolonged cooking durations involved in high-heat cooking methods like stir-
frying and deep-frying resulted in a rise in coarser UFP (300-550 nm) and PM, s, causing a higher exposure to
PM and UFP concentration. PM, 5 levels are higher at upper heights during typical cooking processes because of
temperature-driven convection currents and hygroscopic growth of particles due to high humidity levels. Air
exchange rates (AER) considerably varied by using chimneys and were low during the controlled (closed doors)
compared to mixed ventilation (opened doors) conditions. The maximum AER was obtained during lunch
(4.3-9.9h 1) compared to breakfast (-7.8-6.8 h™!) and dinner (0.55-7.9 h™1). The decrement rate of PM, g
inside zone 1 was highest during lunch (126 ugm ™2 h™!), coinciding with the highest AER during mixed
ventilation. It is recommended that improving ventilation and better design of the kitchen can reduce the ex-
posure of PM and UFP in commercial and rural area kitchens.
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1. Introduction or less (PM;), and 0.1 um or less (PMj ;) is also known as UFP [4]. Over

time, coarse particles (2.5 um to 10 pm) can be trapped by nose hair or

A significant global impact on public health stems from indoor air
pollution (IAP), underscored by J. Mu [1], and the widespread issue of
indoor particulate matter (PM), particularly in developing countries,
leads to 6.67 million annual fatalities, highlighting the need for in-
dividual exposure management. Among the different pollutants like
PM, volatile organic compounds (VOCs), and polycyclic aromatic
compounds (PAHs), the effect of PM stands out due to adverse impacts
on air quality and human well-being [2,3]. The concentration of PM is
classified according to their aerodynamic diameters, and classification
typically includes 10 um or less (PM;,), 2.5 um or less (PM;5), 1.0 um

throat and dislodged through drinking water or other means [5]. Fine
and UFP deeply infiltrate the respiratory system, contributing to cor-
onary heart disease and premature mortality [6,7].

IAP, characterized by PM and UFP emissions, stems from diverse
sources such as smoking, cooking, heating, and candle burning. A study
states that cooking activities notably influence the indoor concentration
of PM in households [8]. Investigation of the influence of cooking and
post-cooking activities on IAP shows an increase in ultrafine con-
centration up to 6 X 10° number/cm® [9]. 24-hour time-resolved
measurements of PM, 5 showed a median concentration of 79 ug/m?,
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mainly due to cooking-related emissions [10]. These findings under-
score the dynamic nature of emissions and indoor concentrations of
cooking-related PM, both in terms of number concentration (NC) and
mass concentration (MC) [11]. Several studies have characterized the
indoor levels of various gases like NO,, SOy, and coarser PM generated
during cooking fueled by natural gas and using Chinese cooking
methods [1,8,12,13]. A few studies have been done to study the impact
of various Indian cooking stove types on fine PM and UFP concentra-
tions [3,13,14]. For further details, please refer to Table S3a and b
(Supplementary Information) for additional information on relevant
studies related to emissions from cooking stoves. Very few studies exist
on how indoor PM and UFP concentration levels vary from diverse
Indian cooking processes and activities [13,15].

Crucial factors contributing to cooking emissions include the se-
lection of cooking oils, cooking duration, fuel type, ingredients, cooking
temperature, cooking method, and ventilation conditions [12,16].
While some studies have explored some of these influential factors
[3,17,18], there remains a need for a comprehensive assessment of how
all these variables collectively impact IAQ in Indian cooking environ-
ments. Reference grade instruments, including GRIMM EDM 264 and
aerodynamic particle sizer, are used for monitoring PM concentration
from cooking processes [19,20], while LCS has been used for mon-
itoring the PM and gas species to establish a relation among these
factors [2,3]. Concerns over the accuracy of LCS can be addressed by
adequately calibrating it by collocating it to the reference grade
equipment [21,22]. By expanding the deployment of LCS, a more
comprehensive network for monitoring can be realized, which enhances
the capabilities to access air quality variations [23-25].

A detailed understanding of the air quality levels away from the
sources requires a network of LCS devices. Along with the distance from
the sources, fluctuations along the vertical directions are also relevant
due to the strong convection current caused by cooking activities
[26,27]. This is essential to identify the requirements for effective
ventilation to minimize exposure [3,17,28-30]. The air exchange rate
(AER) impacts how pollutants flow from indoors to outside during
ventilation. For instance, opening windows can boost AER by as much
as 2h ™, while fans can increase AER by up to 1h~! [31]. Optimizing
the AER reduces the accumulation of fine and UFP, leading to better
IAQ. Additionally, Some cooking emission studies near the source offer
insights into household exposure [2,10,15,32]. However, it is crucial to
measure PM and UFP far from cooking sources to assess total indoor air
quality (IAQ) [17,30] and comprehend pollutant dispersion [9]. No-
tably, the concentration levels of fine particulate matter (PM, 5) were
observed to decrease with prolonged heating, while the concentration
of coarser particles (PM;o) increased due to coagulation effects [33].

Our understanding of the effect of cooking activities and duration on
the fine PM and UFP emissions remains limited. To address this gap, it
is critical to thoroughly understand the features of fine PM and UFP
emissions during the cooking process, like preheating, reheating, stir-
frying, and deep-frying, and evaluate exposure patterns and risk as-
sessment for kitchen workers. Although several prior studies have fo-
cused on cooking emissions, the assessment of IAQ with vertical pro-
filing based on height variation for UFP and fine particles has not been
done for different cooking processes. The influence of environmental
parameters like temperature and relative humidity (RH) on different
cooking activities like breakfast, lunch, and dinner must also be ex-
amined. Existing research has predominantly emphasized sensor-based
measurements of cooking emissions. However, a significant knowledge
gap exists regarding the strategic utilization of LCS for assessing the
exposure to PM concentrations among different individuals and for
evaluating ventilation patterns, including the determination of AER.
The concerns in LCS related to accuracy are mitigated through rigorous
calibration and systematic evaluation of bias correction against the
reference monitor. This study also aims to optimize IAQ assessment in
kitchen and dining areas by strategically deploying a network of PM
sensors at key locations. For this investigation, zone 1 (kitchen) and
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Fig. 1. Schematic Layout of (a) Zone 1 (Kitchen) and (b) Zone 2 (Dining hall).

zone 2 (dining area) have been selected for analysis. Kitchen (zone 1) is
equipped with specific ventilation sources, a chimney, and two open
interfaces serving as shared entry points, while the dining hall (zone 2)
is the dining area. The overarching goal is to identify potential biases
based on exposure methodology and evaluate critical parameters such
as sensor placement, AER, background concentrations, decay rates, and
exposure indices.

2. Methodology
2.1. Study area

The experimental study was conducted in the kitchen (zone 1) and
dining hall (zone 2) areas at a residential educational campus in India.
Fig. 1 depicts the schematic model for the experimental study area
consisting of zone 1 and zone 2 with an area of 99.94 m* and 210 m?,
respectively. Zone 1 has specific ventilation sources (chimney) and two
open interfaces 1.5 X 2.1 m?, which serve as common entry points be-
tween zone 1 and zone 2. The mechanical ventilation fan was initiated
at the start of the breakfast activity (0-240 minutes) preparation and
ran without interruption until the conclusion of the lunch activity
(0-240 minutes), spanning approximately 8 hours. After a brief pause,
mechanical ventilation resumed before the start of the dinner activity
and operated until 180 minutes into it, aligning with the completion of
the dinner activity. No further activity was planned for the remainder of
the day, and the next ventilation cycle was scheduled for the following
morning. After the completion of the dinner activity, the no-activity
period is known as the settlement period in our study. Additionally,
there are three ceiling fans positioned at a height of 3 m and a distance
of 0.5m from each other. The gas stoves are located at a distance of
5.5 m from the interface. In zone 2, the dining area, with 60 tables and
25 ceiling fans, has a seating capacity of 600 individuals. For this
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research, the sensor placement in zone 2 encompasses 53.33% of the
total seating capacity. The measurement period spanned 54 days, from
May 2023 to July 2023, during which the food menu and the quantity
of food prepared remained consistent, catering to the usual number of
individuals during regular activity periods. The advantage of such a
facility is consistency in the menu. Food at the facility is prepared ex-
clusively using Liquefied Petroleum Gas (LPG) as fuel for the cooking
stoves.

2.2. Data collection and experimental setup

UFP concentrations were measured using the TSI Scanning Mobility
Particle Sizer (SMPS) Electrostatic classifier, Model 3082, and PM
concentration was measured using TSI Dusttrak DRX Aerosol Monitor
8533 (DT) and LCS network. The LCS used in this study are PMS 5003
and PMS 7003 offer high-resolution data through light scattering [34].
The study centered on the usage of LCS and DT to measure PM, s MC in
zone 1, while SMPS assessed total number concentration (TNC) and size
distribution within the 15 nm to 550 nm range. Continuous calibration
with DT was carried out after deploying PMS 5003 and PMS 7003 to
ensure PM measurement accuracy. As shown in Fig. 1, the measurement
points were positioned at heights of 1.3 m and 1.9 m to cover the typical
breathing zone. These selected monitoring points were intended to offer
insight into PM and UFP distribution within the specified zone of in-
terest for different cooking activities and processes. Sensors were also
strategically positioned at a distance from the cooking source to capture
the comprehensive behavior of PM and UFP when they were not in
close proximity to the emission sources. PM, s and UFP concentrations
were analyzed across different cooking activities like breakfast, lunch,
and dinner and during different cooking processes like preheating, stir-
frying, reheating, and deep frying. A comprehensive survey was devised
and carried out in zone 1 for analysis, focusing on factors such as the
duration of cooking activities, the diversity of cooking processes that
vary with time, and variations in the use of cooking oil. The experi-
mental setup was established in zone 1, where the period of cooking
activities was recorded, and workers were surveyed regarding the oil
usage during each process and activity. Controlled ventilation was
achieved by utilizing a chimney extractor located in zone 1, which
remained operational throughout the measurement campaign. Kitchen
emissions were closely monitored in a cutting-edge educational facility,
with non-cooking activities like cleaning and maintenance scheduled at
specific times to minimize their impact. Dust resuspension was ad-
dressed by cleaning zone 1 after each activity.

Within zone 2, sensors were strategically positioned at six distinct
locations, all at breathing height. These sensor placements collectively
covered 53.33% of the seating capacity. Notably, pillar 1 and pillar 2
were specifically chosen due to their positioning in front of doors
through which PM and UFP migrated from zone 1 to zone 2. These
selected locations served as key points for capturing a significant por-
tion of PM for measurement purposes. The sensors mounted on the
walls in zone 2 primarily aimed to measure PM that traveled farthest
from the emission sources. The primary objective of monitoring in zone
2 was to assess the extent of commuters’ exposure to cooking-related
emissions.

2.3. Data analysis

a) Sensors design

Plantower PMS 5003 and PMS 7003, used for measuring PM, 5 and
equipped with Arduino UNO R3 boards, were used for the study, where
the sensors collected and stored data, including date and time stamps,
on memory cards. A BME 280 sensor paired with Arduino was also used
to measure temperature and humidity. Each equipment unit is priced at
approximately 5000 Indian Rupees (approximately 60 USD). The low-
cost PM sensors measured PM;, PM, 5, and PM;, concentrations (ug/
m?) every second. PMS 5003 sensor has been shown to exhibit a strong
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correlation with the gravimetric method, as demonstrated by A. Masic
[35], while with beta attenuation monitor, PMS 5003 shows a coeffi-
cient of determination (R?) of 0.53, as reported by C. McFarlane [36].
Correlation analyses have been conducted on these LCS alongside the
DustTrak 8433 TSI instrument for over two months to assess their
consistency. Furthermore, they were co-located for fifteen days to
evaluate the inter variability of LCS. Inter-variability refers to de-
termining the consistency of measurement between the two sensors
when two sensors are subjected to the same environmental conditions.

2.4. Airflow characterization methodologies

a) Air Exchange Estimation

The tracer gas method, as outlined in [37], involves the application
of a mass balance approach within a confined space. CO, is typically
used for estimating AER with the tracer gas method, and in this study,
CO, concentration was measured using three Winsen MH Z19C sensors.
The method formulates that the mass balance of tracer gas can be ex-
pressed inside a single space, as shown in Eq. 1.

dc (@)
dx

|4

+ QZDne,axhaust Cou[ - onne,SupplyC(t) +S5=0 (1)
where V (m®) is the volume of the space, C(t) is the concentration of
CO,, gas at instant ¢, t (s) is time, S is the generation rate of the tracer
€as, Qzone,exhaust> Qzone,supply i the external and internal exchange rate,
Co,ue is the external concentration of tracer gas.

The analytical solution of Eq. 1 is given by Eq. 2.

11’1 [ CZonc,int:t - C;u[ ] 1

X — = —AER
A @

where C,, is the mean outdoor concentration, Czone,in,., iS the COy
concentration inside zone at time t, Czope,in,_, is the CO5 concentration at
the inside zone at the start.

The AER was determined using CO, concentration from three sen-
sors—two in zone 2 and one in zone 1. The sensor positioned near door
1 in zone 2 is responsible for measuring the CO, concentration (inside
zone 2), as it serves as one of the points through which air enters zone
1. In zone 1, the recorded CO, concentration values encompass emis-
sions from activities such as cooking or individual contributions. CO5
measurements were conducted every minute during the measurement
campaign in both zone 1 and zone 2. The density difference between
the air and CO, is significantly lower compared to solid particles [4],
making CO, more prone to dispersion in the air and ensuring uniform
mixing within zone 1. Additionally, the continuous functioning of three
fans (zone 1) during different activities contributes to providing uni-
form mixing for CO,. Furthermore, the chimney acts as a ventilation fan
(zone 1), facilitates air circulation, and helps evenly distribute CO,
inside zone 1. Two CO, sensors were strategically placed at a 7 m dis-
tance from each other to assess the variation in CO, concentration
within the zone 1. The results indicate a slope approaching 1, signifying
consistent readings between sensors at different points in zone 1 and
suggesting uniform mixing of CO,. With an overall percentage differ-
ence of 9% during breakfast, lunch, and dinner activities, it is reason-
able to infer that the area demonstrates a uniform mixing of CO,. The
AER was evaluated during different cooking processes, activities, and
ventilation scenarios of mechanical (only the chimney is operational
and doors are closed) and mixed systems (chimney and doors are
opened).

b) Decay rate analysis

The decay rate refers to the rate at which pollutants decrease in
quantity over a period of time following their release [38]. The decay
rate analysis was performed based on zonal division. The difference
between PM concentration at the initial and final time with respect to
the total duration of activity provides a decay rate [3]. The decay rate
measured for each activity performed during the day depends on the

CZone, int=g0 — “out
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AER. Average PM, 5 decay can be calculated by using Eq. 3, where t, is
the time duration of the activity, PMys and PM} 5 are PM concentrations
during the initial and final phase of the cooking activity for mechanical
and mixed ventilation.

PMZOS - PMZ[S

Decay Rate =
ty 3

2.5. Exposure-based relative bias analysis and assessment of exposure risk

The relative bias was obtained between PM, 5 concentration mea-
sured from DT and LCS inside zone 1, based on the exposure analysis
during different cooking activities. The background concentration
(Cgg), or the environmental settlement value, is removed from the
PM, s concentration to identify the exposure from the sources of zone 1.
Details can be seen in the SI document S1.1. The USEPA [39] provides a
detailed method for calculating the exposure risk in term of potential
inhaled dose (Igose) from intake procedures such as inhalation. The
details on the exposure to health risks are shown in section S1.2.

3. Results and discussion
3.1. Cooking processes and emission characteristics

PM,s and UFP concentrations were analyzed across different
cooking activities like breakfast, lunch, and dinner and during different
cooking processes like preheating, stir-frying, reheating, and deep
frying at different heights are compared. For comparison of UFP
emissions, size ranges from 15-550 nm were divided into 15 size bins,
and the NC of particles in each of the bins were calculated from SMPS
measurements. TNC refers to overall particle concentration across a
defined size range of 15-550 nm, and NC refers to the concentration of
particles within a specific size bin. We initially categorized the data into
15 bins for visualization in the graphs for SMPS; however, for enhanced
clarity and precision in our explanation, we further subdivided these
15-size categories into three groups: UFP (15-100 nm), fine particles
(100-300 nm), and coarser UFP (above 300nm). The PM,5s con-
centration from PMS 5003 for different cooking processes and activities
was calibrated with DT inside the zone 1 and details of calibration is
shown in Fig. S1. The coefficient of determination (COD) values for
different sensors during this period exceeded 0.72, indicating a strong
correlation to DT measurements. Intra-sensor comparisons for PMS
5003 showed strong COD (R? = 0.98-0.99) among the sensors, and the
slope among all sensors was close to one, as shown in Fig. S2. COD
between LCS and DT fell within the range reported in laboratory and
ambient studies, but the PMS5003 and Winsen sensors underestimated
PM, 5 concentrations compared to DT, consistent with prior studies
[40,41]. The variation of PM, s with different climatic background
parameters measured with BME 280 can be seen from Fig. S3. A
Pearson correlation test was performed to identify the relationship
between meteorological parameters inside zone 1 and PM,s. The en-
vironmental parameters like humidity temperature were analyzed with
PM, 5. The detailed analysis of the environmental factors variation is
discussed in detail in S1.4.

Preheating oil during breakfast activity is typically less than
8 minutes, which is shorter than lunch and dinner activity. This dis-
crepancy can be attributed to the varying quantity of oil used, as shown
in Table S4. Table 1 shows that PM, 5 emissions were more pronounced
during the stir-frying phase when compared with the preheating pro-
cess. This can be due to the higher temperature resulting in the de-
gradation and evaporation of cooking oil, releasing compounds re-
sponsible for PM emissions. The more prolonged exposure during the
stir-fry process allows more substances in food, such as oil or fats, to
vaporize and produce emissions [42]. Stir-frying with constant stirring
or flipping of the food leads to faster cooking and increased emissions
compared to a passive preheating process Fig. 2.
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Fig. S4, S5, and S6 represent the day-wise average PM concentration
variation during breakfast, lunch, and dinner activity, respectively, for
preheating and stir-frying at upper and lower heights. The percentage
change after 5 minutes in Figs. 3 and 4 signifies the variation since the
beginning of the process, while the percentage change after 10 minutes
denotes the shift in values between the 5-minute mark and the 10-
minute mark; similarly, the percentage change after 15 minutes sig-
nifies the shift in values between the 10 minutes mark to 15 minutes
mark, and this pattern continues. The chimney and interface doors are
the only ventilation modes. The minimum average background con-
centration for PM, 5 was 28 ug/ms.

a) Fine PM and UFP emissions from the preheating process

The results from Figs. 2-4 and Tables 1 and 2 also suggest that
during preheating for breakfast, lunch, and dinner activities:

e PM, 5 and TNC are higher at lower heights during breakfast (Fig. 2a
and d) (Tables 1 and 2), possibly due to the lower temperature (33
+ 1 °C) and RH (61 = 4%) earlier in the day compared to tem-
perature (35 + 2 °C) and RH (64 = 8%) during the rest of the day.
This leads to particles being situated at a lower height, resulting in
higher concentrations.

For NC, UFP (15-100 nm), especially 15-50 nm and fine particles
(100-300 nm), initially exhibits a higher presence at an upper
height (Fig. 4a) during the initial preheating phase for breakfast,
leading to the lower PM concentration at upper height during the
start of breakfast activity.

The coarser particles (above 300 nm) were more at lower height
(Fig. 3a) during the initial preheating phase for breakfast, causing
the higher PM concentration at lower height, leading to a higher PM
concentration at lower height during the start of breakfast activity.
PM, 5 and TNC are higher at upper heights during lunch (Fig. 2b and
e) and dinner (Fig. 2¢ and f) activities, possibly due to higher tem-
peratures (33-37 °C); particles begin to ascend, resulting in more
particles of different sizes at upper heights, leading to higher con-
centrations (Tables 1 and 2).

e The NC variation across the different size bins shows the higher
presence of UFP, fine, and coarser UFP at upper height during lunch
(Fig. 4b) and dinner (Fig. 4c) activity from the beginning of pre-
heating to its end. This results in more PM, 5 concentration at upper
height from beginning to end, as shown in Figs. 3 and 4. The be-
havior between PM, 5 and TNC shows directly proportionality.

As the preheating process continues, there is an increment in coarser
size particles at upper height, causing an increase in PM, s con-
centrations during all activities.

b) Fine PM and UFP emissions from the stir fry process
The results from Figs. 2-4 and Tables 1 and 2 also suggest that
during stir-frying for breakfast, lunch, and dinner activities:

o The PM, 5 concentrations were higher at the upper height (Tables 1
and 2) during all activities, possibly because of higher temperatures
(2-5 °C more) after preheating during all activities, causing the
particles to move upward.

Increased RH (22%) can lead to particle size enlargement, con-
tributing to higher PM, 5 concentrations at upper heights leading to
higher PM, 5 concentration.

The TNC during this process was higher at a lower height for all
activities, contrasting with PM, s concentration, likely due to the
dominance of larger particles. This tells us that the larger particle
size, even having less NC, still contributes more to the PM con-
centration than the smaller particles having more NC.

e The NC variation for the stir-frying process shows increased coarser-
sized particles at upper heights, leading to elevated PM concentra-
tions at the end of the preheating process during breakfast activity.
During breakfast, as the stir-frying process proceeds, there is an
increase in the concentration of coarser particles at upper height,
noticeable from 10 to 20 minutes of the process, as shown in Fig. 4a.



R. Dhiman, R. Sharma, A. Jain et al.

Table 1
PM, 5 (ug/m>) emission during different cooking processes and activities.
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Activity Processes Lower Height Upper Height
Average SD Minimum Maximum Average SD Minimum Maximum
Breakfast Preheating 154 68 81 189 115 32 38 149
Stir Fry 170 54 147 198 238 123 157 283
Lunch Preheating 124 26 84 199 166 20 26 252
Stir Fry 291 48 228 317 304 46 243 352
Reheat 311 146 205 401 415 14 162 500
DeepFry 414 147 359 464 437 121 320 566
Dinner Preheating 110 47 69 153 158 48 29 256
Stir Fry 131 44 112 157 240 86 206 299
Reheat 355 71 131 604 663 30 274 856
DeepFry 503 153 369 719 632 67 535 813

During lunch, there is a slight decrease in coarser particles at the
upper height after 10 minutes (Fig. 3b and 4b). This led to a drop in
PM concentration at the upper height and a higher PM concentra-
tion at the lower height (Fig. 2b). This pattern could be attributed to
the practice of covering cooking utensils in between the cooking
process.

Subsequently, there was a rise in coarser particles at upper height,
leading to higher PM concentration. During dinner, there was a
continuous rise in NC of coarser particles till the end of stir fry ac-
tivity at upper height, leading to higher concentration throughout
the process.

Coarser particles rise at the lower height compared to the upper
height as dinner activity concludes, notably during the final stages
of stir-frying (Figs. 3c and 4c). This shift is likely due to higher
humidity levels, resulting in particle deposition at the lower height.

c) Fine PM and UFP emissions from the Reheating and deep fry
processes

After the preheat and stir fry processes, the reheating process occurs on
specific days, and typically, interface doors are kept open. Breakfast does
not involve any reheating and deep fry process. The deep frying process
typically starts after 12 minutes of reheating. During reheating and deep
frying, hotter oil leads to the breakdown of oil particles, resulting in higher
PM and UFP emissions than in stir-fry and preheating processes. The re-
peated heating of oil during the deep fry process potentially leads to
chemical reactions within the oil. These reactions can release VOCs, which
ultimately contribute to the formation of UFP or PM when they come into
contact with oxygen in the air [42]. The other reason for higher emissions
during the reheating of oil is the food residues left in the oil from the
previous cooking activities. These residues will break down and contribute
to the formation of PM and UFP [12]. The comparison of the reheat and
deep fry process for upper and lower heights for lunch and dinner on
different days in a week is shown in Fig. S7.

The results from Figs. 5, 6, S8, S9, and Tables 1 and 2 also suggest
that during reheating and deep-frying for lunch and dinner activities:

e The PM, 5 concentration during these processes is higher at upper
height during lunch and dinner (Fig. 5a and b). An increase in
temperature (35-37 °C) causes particles to ascend to the upper
height, and an increase in RH (16% increase) can enlarge these
particles.

e The TNC is more at a lower height during reheating and deep fry
activities, indicating an increase in PM concentration even when
there is a decrease in TNC during lunch. This is because of the
dominance of the bigger particles.

e The fluctuation in particle NC across various sizes during lunch
activity suggests that during the initial phases of reheating, smaller
UFP up to 100 nm are more prevalent at lower height, while larger

particles dominate the NC at upper height, leading to higher PM, 5
at upper height.

As the reheating process ends, coarser particles are present at the
upper height during lunch activity, causing more increase in PM, 5
there. When deep frying commenced, there was an observed in-
crease in the NC of coarser particles at upper height, around the 15-
minute mark (Fig. S8b). Around the 25-minute point, a noticeable
reduction in coarser particles at upper height is evident, leading to a
decrease in PM concentration (Fig. 5a).

Similarly, at approximately 35 minutes (Fig S8b), there is a decline
in UFP, fine and coarser particles at upper height, leading to a drop
in PM, 5 concentration (Fig. 5a).

After that, there is again a rise in PM, s concentration at upper
height near 40 minutes of processes because of increased coarser
size particles. Towards the end of the lunch activity, there was a
decrease in all size particles at upper height because of higher RH,
causing the particles to settle and reducing PM, s concentration.
As depicted in Fig. 5, there is a noticeable decline in PM, s con-
centration during lunch activity around the 12-minute mark, fol-
lowed by a subsequent increase. This transition corresponds to the
conclusion of the oil reheating phase and the commencement of
deep frying activity.

The fluctuation in concentration of PM, 5, TNC, and NC of different
sizes after the initiation of deep frying is due to the changing de-
mand for food, which depends on the number of individuals present
within zone 2. More people in zone 2 trigger the deep frying process,
which raises emissions, whereas fewer individuals result in a re-
duced deep frying process and, consequently, lower emissions.
Towards the end of the lunch activity, the RH peaks, leading to
particle enlargement and subsequent settling of particles. This re-
sults in an increase in both TNC and NC across various particle sizes
at the lower height.

At the beginning of the reheating during the dinner activity, PM, 5
was higher at the upper height, and TNC was higher at the lower
height. However, as the activity progresses, the TNC increases at
upper height, consistent with the pattern observed during deep
frying activity.

This behavior is attributed to the TNC of UFP during different in-
tervals, as shown in Fig. 5c and d. The TNC during the starting
process of reheating for dinner was higher at the upper height for
UFP, fine, and coarser UFP, which caused the sudden increase in PM
concentration.

Towards the end of the reheating process and the beginning of the
deep frying process, approximately at the 12-minute mark, there is an
observed decrease of coarser particles at upper height (Fig. S9a and
b), resulting in a reduction of PM concentration. As the deep frying
process continues, there is a subsequent increase in the concentration
of these larger particles, leading to a rise in PM, 5 concentration.
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Fig. 2. Comparison of (a) PM, s for breakfast, (b) PM, s for lunch, (c¢) PM, s for dinner, (d) TNC for breakfast, (e¢) TNC for Lunch, and (f) TNC for dinner for preheat
and stir-frying measured by LCS at two different heights. The x-axis measures elapsed time in minutes from the start of cooking, while the y-axis displays con-
centration levels at specific time intervals. Error bars represent the standard deviation among the data observed across multiple weeks.

3.2. Analyzing concentration-based airflow characterization parameters

a) Zonal airflow estimation

Zone 1 has controlled ventilation through the chimney with a 5030
CFM flow rate for an area of 390 m?, i.e., zone 1. During the first hour of
activity, the chimney is operational with the interface door closed,
which makes zone 1 a controlled environment with the possibility of
leakage through infiltration from the gaps between interface doors. The
ACH (air change per hour) from the chimney while working in a con-
trolled environment is 12.8 h™'. After opening the interface door, the
flow will be from zone 2 to zone 1 because of the chimney.

The settlement zone shows an AER range of —1.08h™! to
—4.74h~ " and negative values indicate that the airflow is from zone 1
to zone 2 during the settlement period. Positive AER values suggest
airflow from zone 2 to zone 1, possibly due to mechanical ventilation,

whereas negative AER values indicate airflow from zone 1 to zone 2,
likely resulting from the lack of mechanical ventilation. Another factor
contributing to the flow from zone 1 to zone 2 in the absence of me-
chanical ventilation is the closed nature of zone 1, creating higher
pressure compared to zone 2, thereby causing the airflow from zone 1
to zone 2. During the breakfast activity in the controlled ventilation, the
AER lies between 0.52 and 2.65h ™! from a single interface, as shown in
Fig. 6a. The AER variation during mixed ventilation lies between 1.1
and 6.8 h ™. The AER rate for the initial preheating of breakfast and stir
fry phase is less during controlled ventilation than mixed ventilation, in
which the interface doors are also opened. The low AER rate during
breakfast activity can cause higher UFP concentration during the first
10 minutes of cooking, where the NC of particle size up to 100 nm
dominates. However, as the cooking process progresses, there is an
increase in RH and a shift towards larger particles, specifically more
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Fig. 3. Percentage variation of NC in various size bins for lower height during preheat and stir fry for different activities (a) Breakfast, (b) Lunch, and (c) Dinner. % C
(5min) denotes the percentage change in reading following a 5-minute interval, while % C (10 min) signifies the percentage change after 10 minutes, and so forth.
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Fig. 4. Percentage variation of NC in various size bins for upper height during preheat and stir fry for different activities (a) Breakfast, (b) Lunch, and (c) Dinner. % C
(5min) denotes the percentage change in reading following a 5-minute interval, while % C (10 min) signifies the percentage change after 10 minutes, and so forth.
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Table 2

Indoor Environments 1 (2024) 100008

TNC (number/cm?®) of UFP emission during different cooking processes and activities.

Activity Processes Lower Height Upper Height
Average SD Minimum Maximum Average SD Minimum Maximum
Breakfast Preheating 6.3E+05 5.2E+05 4.2E+05 1.2E+06 2.3E+05 1.3E+05 1.6E+05 3.0E+05
Stir Fry 5.9E+05 3.4E+ 05 4.4E+04 6.1E+05 3.6E+05 3.0E+05 3.4E+05 3.7E+05
Lunch Preheating 4.4E+04 3.0E+04 2.5E+04 8.0E+04 1.9E+05 9.3E+04 3.4E+04 2.3E+05
Stir Fry 3.2E+05 1.7E+05 1.6E+05 3.8E+05 3.1E+05 1.3E+05 2.6E+05 3.7E+05
Reheat 6.1E+05 6.5E + 04 3.5E+05 8.5E+05 3.3E+05 1.2E+04 9.1E+04 3.9E+05
DeepFry 5.7E+05 4.8E+04 3.5E+05 7.4E+05 4.9E+05 2.9E+05 9.1E+04 3.9E+05
Dinner Preheating 1.3E+05 8.4E+04 2.0E+04 2.8E+05 1.0E+05 5.8E+04 6.3E+04 1.4E+05
Stir Fry 3.2E+05 1.8E+05 2.9E+05 3.5E+05 1.9E+05 4.4E+04 1.4E+05 2.7E+05
Reheat 4.7E+05 2.8E+05 3.1E+05 6.5E+05 4.3E+05 3.3E+04 1.9E+05 7.0E+05
DeepFry 3.2E+05 1.8E+05 1.5E+05 7.1E+05 4.8E+05 4.2E+04 2.6E+05 8.4E+05

than 300 nm, ultimately leading to elevated PM concentrations at the
end of the stir fry process.

After the breakfast activity, there is no cooking process for
60 minutes, and pollutant decay and settlement will occur with mixed
ventilation conditions. For the lunch activity after this settlement
period of 60 minutes, and after that the interface doors were again
closed for lunch activity under controlled ventilation. During the lunch
activity in the controlled ventilation, the AER lies between 6.1 and
8.3h™!, as shown in Fig. 6b. The average AER during lunch activity
was 3.9 times during controlled ventilation when compared to the
breakfast activity. This might be because of the settlement and mixed
ventilation period between breakfast and lunch activity, as the chimney
keeps working during mixed ventilation conditions. The AER lies be-
tween 4.3 and 9.9 h~? for the mixed ventilation condition during lunch

activity. The average AER during lunch activity was 1.5 times during
mixed ventilation when compared to the breakfast activity. Due to
higher AER during the lunch activity compared to the breakfast for
controlled ventilation, the concentration of UFP below 100 nm is re-
duced compared to the breakfast activity. Due to the continuous
emissions from the cooking processes, the fine and coarse UFP are still
present inside zone 1, and due to chimney suction, increased tem-
perature, and RH, these particles cause higher PM concentrations at
upper height.

The AER varies from 4.8—7.9h™! for the dinner activity during
controlled ventilation, and the AER varies between —5.1 and 8.8 h™!
during mixed ventilation. The AER during dinner was 3.3 times during
controlled ventilation compared to the breakfast activity during the
ventilation. Higher AER during the controlled ventilation in dinner
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and dinner at different heights.
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AER During Breakfast and Lunch Activities
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Fig. 6. AER variation during (a) Breakfast vs. lunch, (b) Lunch vs. dinner, and (c) Breakfast vs. settlement period. The decay of PM concentration and comparison
with AER during (d) breakfast, (e) lunch, and (f) dinner. The zero minutes for d,e, and f show the point where the cooking stove was extinguished.

activity indicates a decrement in UFP compared to breakfast activity.
During the dinner activity, particles smaller than 100 nm were pre-
valent in the preheat phase, similar to the lunch activity. However, due
to elevated humidity levels, these particles rapidly grew in size during a
short timeframe until the preheat phase was over. As the cooking
process continues, there is a subsequent increase in RH. The particle
growth becomes particularly pronounced, leading to particles settling
down. Consequently, this results in a lesser increase in MC during
dinner activity than other activities.

Based on the findings from AER results, the predominant airflow
direction is from zone 2 to zone 1 because of the chimney. A chimney
creates a natural upward airflow driven by the pressure difference be-
tween the inlet and the surrounding atmosphere. The chimney
equipped inside zone 1 is a Danish-type ventilation system typically

10

used in the office building, which involves using a supply fan to in-
troduce outdoor air into the building while simultaneously removing
more volume of indoor air from inside using an exhaust fan. The goal is
to maintain an equal volume of air entering and leaving zone 1, and two
doors connect zone 1 to zone 2. The chimney expelling air to the out-
side is located on the left side of zone 1, while the chimney introducing
air into zone 1 is situated on the right side.

The airflow variation can happen from individual doors connecting
the different zones, especially in a variable air volume control system.
As a result, doors receiving a higher volume of supplied air may ex-
perience a positive internal pressure relative to adjacent doors, causing
excess air to flow from one door compared to the other. This arrange-
ment can potentially contribute to spreading the PM and UFP from zone
1 to zone 2, causing an increase in concentration inside zone 2 during
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different activities and processes [43]. Ensuring that the extracted air-
flow matches the supplied airflow for each room is crucial to achieving
the desired door pressurization and minimizing this issue. This change
of flow between the doors can cause the flow of PM and UFP from zone
1 to zone 2 and cause increased concentrations in zone 2.

3.3. Decay rate analysis

a) Decay inside the zone 1

Several researchers have conducted experimental and modeling
studies to study how pollutants spread out and decrease in enclosed
areas with regulated ventilation [3,17,27]. With continuous sam-
pling after the cooking stove is extinguished, it is possible to calcu-
late the post-extinguished PM, 5 decay rate as well as figure out how
efficiently air exchange is happening between zone 1 and zone 2 for
the removal of PM, 5 concentration. Fig. 6d, e, and f represent how
the decay varied with AER for breakfast, lunch, and dinner activity,
respectively.

During breakfast, lunch, and dinner activity, at lower height sensor,
the average decay rate was 64, 126, and 126 ygm >h™!, and the
average AER during that decay period was 5, 5.9, and —3.4h™ %, re-
spectively. These results indicate that the decay rate is faster during
lunch than during breakfast and dinner activities. The AER was also
high during lunch activity, and hence, these overall trends show that
the decay rate increases as AER increases inside zone 1, as shown in
Fig. 6d, e, and f. The decay rate averaged 101 pgm °h~! during
breakfast, 129 pgm~>h~'during lunch, and 132 pgm >h~! during
dinner activities at the upper height sensor. These results align with
those from the lower height sensor, indicating that the decay rate in-
creases with higher AER. The decay rate was faster at upper height
compared to lower height.

Indoor Environments 1 (2024) 100008

b) Decay from zone 1 to zone 2

The PM, 5 from zone 1 travels through the interfaces towards zone 2
under controlled and mixed ventilation conditions. Figure 7a and b
depict the decay through zone 1 during different activities for con-
trolled ventilation and mixed ventilation systems, respectively. As ex-
plained in the study area, zone 2 is equipped with sensors positioned
directly along the path of the interface, specifically at pillars 1 and 2.
Additionally, four sensors are placed at two positions at distances of 4.5
and 6.5 feet on the end wall of zone 2, at 11 feet from each other,
respectively, as shown in Fig. 1.

Fig. 7a, b, ¢, and d shows that the PM, 5 varies at different locations
inside zone 1 and zone 2 during breakfast, lunch, and breakfast for
controlled and mixed ventilation (mechanical + natural). From Fig. 7a,
¢, we can say that during controlled ventilation (1 hour of closed in-
terface doors), the PM concentration was higher at lower height inside
zone 1. This is because the doors are closed, and AER was also less
during that time, so the overall average of one shows that the PM
concentration was higher at lower height.

Based on the data shown in Fig. 7b and d, it is evident that PM
concentrations were higher at upper height during mixed ventilation
periods (specifically, when the interface doors were open). This can be
attributed to the increased AER resulting from the open doors, causing
particles to ascend and accumulate at higher levels over the three-hour
average period. Additionally, in zone 2, at Pillar 1, PM concentrations
were higher during dinner than during breakfast and lunch activities.
This difference can be attributed to the lower AER during controlled
ventilation periods observed in Fig. 6a and b during these activities.

The lowest PM concentration is observed during lunch activity when
controlled ventilation is in effect at pillar 1. This is due to the higher
AER, which efficiently removes emissions from zone 1 to the outside. In
a mixed ventilation scenario, PM concentration was minimal during
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Fig. 7. The variation in PM concentration from zone 1 to zone 2 under (a) controlled ventilation from pillar 1 and (c) controlled ventilation from pillar 2, as well as
(b) mixed ventilation from pillar 1 and (d) mixed ventilation from pillar 2.
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Decay of PM Concentration From Pillar 2 to Wall
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Fig. 8. PM concentration variation in zone 2 from (a) pillar 2 to the wall during breakfast, (b) pillar 2 to the wall during lunch, (c) pillar 2 to the wall during dinner,
and (d) pillar 1 to the wall during breakfast, (e) pillar 1 to the wall during lunch, and (f) pillar 1 to the wall during dinner at different heights during breakfast, lunch

and dinner activities.

lunch but reached maximum during dinner, primarily because of the
fluctuating AER between these two activities. When mixed ventilation
was in effect during dinner, the chimney was not in operation.
Consequently, air was exchanged for dinner from zone 1 to zone 2, as
illustrated in Fig. 6¢. This led to a significant rise in PM concentration in
zone 2. Similar outcomes were observed for the changes from pillar 2 to
the wall, as shown in Fig. 7c and d.

c) Decay analysis of zone 2

The analysis done during the mixed ventilation from pillar 1 to the
wall is shown in Fig. 8e, f, and g for breakfast, lunch, and dinner ac-
tivities, respectively, and from pillar 2 to wall is shown in Fig. 8a, b, and
c for breakfast, lunch, and dinner activities, respectively.

The varying percentages of PM concentration decay from sensors
are found at different locations and times of the day. Pillar 1 exhibited
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higher decay rates at the top sensor, with a cumulative 260% higher
decay during breakfast and significant differences during lunch and
dinner. In contrast, Pillar 2 showed a 22.05% cumulative higher decay
rate at the top sensor during breakfast, increasing to 25.26% during
lunch and 23.6% during dinner compared to the bottom sensor. These
results highlight the influence of ventilation and location on PM con-
centration decay patterns.

Comparing sensors near pillar 1, the top sensor consistently showed
higher decay rates compared to the bottom sensor, with the largest
difference observed during breakfast. Similarly, near pillar 2, the top
sensor had higher decay rates than the bottom sensor, with the largest
difference during lunch. These findings suggest differences in ventila-
tion effectiveness and PM concentration distribution in different sce-
narios and locations.
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3.4. Exposure bias analysis and human exposure

In zone 1, the utilization of a Dustrak as a reference monitor was
combined with the LCS for calibration purposes. The methodology
outlined in the methodology section was implemented to ascertain the
bias between the reference monitor and LCS, resulting in the determi-
nation of a background concentration of 28 png/m?. Uncalibrated sensor
data were compared with Dustrak data, revealing exposure bias. During
breakfast, the lowest bias was 0.21, increasing to 0.30 during lunch and
0.22 during dinner, as illustrated in Fig. S10a. More details can be
found in S1.5.

Evaluation of individual exposure during different cooking activities
revealed that deep-frying results in the highest PM, 5 intake, accounting
for 14% of the total exposure. Following deep-frying, reheating, stir-
frying, and preheating activities were associated with elevated PM, 5
concentrations, as shown in Fig. S10b. In zone 1, male operators had
5% greater PM, 5 intake than females, primarily due to varying in-
halation rates. (more details can be seen in S1.6).

This study provides the latest data on PM and UFP concentration
variation during cooking processes and activities in a common dining
facility. The main advantage of this study is consistency in the menu;
this allows us to have reliable and accurate baseline data. This con-
stancy makes it easier to measure emissions over time and allows for
useful comparisons across various cooking activities with cooking
processes. Additionally, it permits insightful contrasts across kitchens
and dining establishments, acting as a useful benchmarking tool. This
study gives a real-time observation of different cooking processes and
activities inside the kitchen area, which will accurately represent the
personal exposure through inhalation for different kitchen workers
worldwide.

4. Conclusions

A detailed analysis of the PM and UFP emissions from various
cooking activities and cooking processes in a common cooking facility
was carried out in this study. Air quality levels in zone 1 (kitchen) as
well as the adjoining zone 2 (dining areas) were studied in detail, along
with the measurement of temperature and RH for different processes
and activities. This study also investigated how there is a change in PM
and UFP concentration at different heights in zone 1 and zone 2. It was
observed that there is an overall increment of 54%, 186%, and 163%
during different activities in PM,s concentration when processes
change from preheating to stir fry, preheating to reheating, and stir-fry
to deep-fry, respectively. Further, The PM, s concentration exhibits
higher values at upper height within zone 1 for different processes and
activities, indicating its sensitivity to temperature and RH. The TNC
correlates positively with PM, s for certain processes and activities and
inversely for others due to increased particle size or diameter during
cooking. This can be attributed to the relative importance of UFP, fine
particles, and coarser UFP.

Additionally, results provide insights into the effect of mechanical
ventilation on the AER and decay rate during controlled (only chimney
with closed doors) and mixed (chimney with opened doors) ventilation
scenarios inside zone 1. AER was maximum during lunch activity
(4.3-9.9h™ 1) compared to breakfast activity (-7.8-6.8 h~!) and dinner
activity (0.55-7.9 h™H during controlled (less AER) and mixed (more
AER) ventilation. The maximum decay rate was also during lunch ac-
tivity (126.18 pgm~>h~1'), followed by dinner activity (126.02
pugm~>h™1), and finally, in breakfast activity (64 ugm™>h~!); these
results suggest that the decay rates are correlated with AER. The higher
AER during lunch is also a possible reason for lower concentration in
zone 2 compared to breakfast and dinner activities. Exposure bias as-
sessments highlight differences between calibrated and uncalibrated
sensor data, which is vital for accurate IAQ assessments. Lastly, human
exposure analysis emphasizes the impact of cooking methods on PM, 5
intake, with deep-frying and stir-frying showing higher levels and male
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operators generally experiencing relatively higher intake. The insight
from these results can help to improve IAQ management in commercial
kitchens, guiding ventilation strategies to minimize indoor pollutant
exposure during cooking activities and promoting healthier cooking
practices. Enhancing the ventilation system using suitable masks and
appropriate filtration technology can reduce exposure.
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