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Abstract: Air pollution is a major health hazard. The traditional habits and unique ethnic fire culture
in Hunan Tujia region result in the long-term exposure of residents, especially elderly people, to
pollutants. In this study, we conducted field monitoring and assessment of indoor pollutants in the
residential houses of Hunan Tujia families and subsequently visualised and simulated fire pollutants
in representative residential houses by using fire-dynamic-simulator software. Pollutant-control
strategies, using passive smoke collectors and resizing windows, were proposed and simulated for
validation. The results revealed that passive smoke collectors reduced the pollutant concentration
in the hall house by 43.96%. Furthermore, the optimal window size was 1500 mm x 1500 mm, and
the most reasonable windowsill height of the firepit was 1800 mm. The results of the study can be
used to improve the indoor air quality of Tujia dwellings and mitigate the adverse health effects of
exposure to indoor air pollution without restricting ethnic beliefs and traditional customs.

Keywords: indoor air quality; firepit emissions; pollutant-dispersion simulation; passive mitigation
strategies; Hunan Tujia region

1. Introduction

People spend more than 80% of their lives indoors, and exposure to air pollution affects
their health [1,2]. A minimum of 95% of the world’s population breathes air containing
dangerously high levels of pollutants [3]. Furthermore, ambient air pollution leads to up to
4.2 million deaths annually [4]. Nearly 3 billion people still burn wood, animal manure,
charcoal, and crop waste as the primary source of energy for cooking and heating, which
leads to 3.8 million deaths from diseases caused by indoor air pollution [5-7]. In China, air
pollution poses a serious health threat. Furthermore, in China, 1.2-1.6 million premature
deaths are attributed to indoor air pollution [8,9]. Research on restricting indoor pollutant
control remains challenging in China. In particular in rural China, approximately 46% of
households use solid fuels (95% confidence interval (CI), 33-59%) [10]. Indoor solid-fuel
utilization not only is a major cause of indoor air pollution but also increases the potential
risks of many chronic diseases (e.g., heart disease, hypertension, and respiratory disease)
and depression [10-13]. The traditional habits and unique ethnic fire culture of the Hunan
Tujia region cause residents, especially the elderly, to be exposed to pollutants for a long
term. Investigation and mitigation of the indoor pollutant situation are critical.

The Hunan Tujia region is a gathering place of traditional settlements in China. The
Tujia are one of the ten most populous minority groups in China. The Tujia family pre-
serves a unique fire culture with frequent traditional fire god rituals [14]. The firepit is
not only the core area of life of the Tujia folk houses but also the place where families
gather, receive guests, have discussions, and perform rituals [15]. Their ethnic beliefs
and traditional culture centres around these firepits. In ancient times, the fire in the Tujia
firepit was extinguished only once during the Spring Festival. The Tujia still retain their
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traditional fire-pond fire habits and culture. However, wood, charcoal, and coal are the
most dominant firepit fuels, whereas solid fuels, such as coal and biomass are widely used
as cooking and heating sources [16-18]. Thus, the living habits and ethnic culture of the
Tujia people have resulted in long-term exposure to polluted environments (Figure 1). The
Chinese government has introduced policies, such as subsidising clean-fuel technologies
and encouraging clean fuels, to mitigate indoor air pollution [19]. However, their effects are
unsatisfactory. Traditional fire habits and culture have been perpetuated for generations,
and switching to other energy sources involves additional costs. Because of the accelerating
rate of ageing in China, and the large number of young people leaving the villages to settle
in the cities, senior citizens are the most prominent resident inhabitants of traditional Tujia
dwellings. Therefore, investigating indoor pollutants in Hunan Tujia dwellings, studying
the diffusion pattern of indoor pollutants, and developing scientific and reasonable pol-
lutant control strategies are critical for reducing the adverse health effects of exposure to
indoor air pollution, especially for senior citizens.

Figure 1. Hunan Tujia dwellings and their indoor pollutant conditions. (a) Hunan Tujia dwellings.
(b) Indoor pollutant condition.

Indoor health issues and adverse health effects of exposure to air pollution have
attracted considerable attention worldwide, especially since the COVID-19 outbreak [20,21].
Studies related to indoor air quality have primarily focused on objective field monitoring
and assessment [22-26]. Seo et al. [27] investigated computer emissions of polycyclic
aromatic hydrocarbons to assess the characteristics of indoor air pollution and potential
levels of human exposure. Zhang et al. [28] assessed 30,139 participants from north-
eastern China to investigate the relationship between chronic exposure to outdoor and
indoor solid-fuel use and depressive symptoms. Zhu et al. [29] proposed measures to
control indoor air pollution and discussed policy implications by studying indoor air
pollution in a large integrated transportation hub in Shanghai. Dubey et al. [30] observed
the efficiency of air purifiers (APs) in removing indoor air pollutants and evaluated the
effectiveness of APs in reducing the concentration of various sizes of particulate matter
(PM) and ions in indoor environments. Dionova et al. [31] proposed a fuzzy logic controller
(FLC)-based EIAQ monitoring and control system by using the ambient-indoor-air-quality
index (EIAQI) as the main reference indicator state level. Chen et al. [32] investigated the
CO; and PMj 5 concentrations in 86 air-conditioned classrooms in primary and secondary
schools in southern Taiwan and synthesised the effects of fresh-air ventilation systems
on classroom-indoor air quality. Xie et al. [33] investigated the indoor air quality of
badminton courts during the wet season to investigate the indoor-air-quality characteristics
of naturally ventilated public sports buildings. Zhu et al. [34] investigated the causes of
discomfort in office buildings in various climatic zones in China by detailing pollutant
concentration and health-risk-assessment data as well as information on human perception
of indoor environment. He et al. [35] conducted surveys, urine collection, and spirometry
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on 70 rural college students before and after winter break and evaluated respiratory effects
caused by coal stoves and kang during winter break in rural Gansu Province, China.
Cai et al. [36] investigated real-time indoor CO, and PMj, 5 concentrations as well as air
temperature, humidity, and air purification effectiveness in 33 classrooms in 21 schools
in Beijing, China, to provide data for assessing indoor air quality in classrooms with
air purification equipment. Furthermore, visualisation and quantitative analysis through
numerical simulation of pollutant dispersion is the primary method of study. Tong et al. [37]
investigated the effect of traffic-related air pollution on indoor air quality in naturally
ventilated buildings through air-quality modelling with CFD.

According to relevant literature, most indoor-air-quality studies have been conducted
near office buildings [38—41], schools [42-45], large public buildings [46—49], and shopping
malls [50,51]. Limited studies have been conducted in indoor air quality in rural areas of
Hunan, China. However, the living habits and ethnic culture of Hunan Tujia residents
results in long-term exposure to pollutants, which is highly detrimental to their health.
Therefore, conducting indoor air quality assessment of Hunan Tujia dwellings is critical.
Therefore, we selected typical dwellings for indoor air (formaldehyde (HCHO), CO,, PM; 5,
PM;p) monitoring and conducted pollutant-dispersion simulations using PyroSim software
for firepits (the most critical source of indoor pollutants) and proposed mitigation strategies
to reduce the health risks of indoor pollutants in Tujia dwellings.

2. Methodology
2.1. Sampling Site

Hunan Tujia is mainly distributed in Yongshun, Longshan, Baojing, and Guzhang
counties in Xiangxi Tujia and Miao Autonomous Prefecture; Cili and Sangzhi counties in
Zhangjiajie City; and Shimen and other counties in Changde City (Figure 2). The unique
regional environment, long history and culture, and traditional folk belief concepts of
Tujia have resulted in their unique traditional architectural features and styles in western
Hunan. We selected two representative dwelling types in Yongshun County, Hunan
Province, namely the Zuozi dwelling and the L-shaped dwelling, and conducted indoor
pollutant monitoring and simulation optimisation studies (Figure 3). The Zuozi dwelling is
a single house with three openings in a “-” shape, whereas the L-shaped dwelling has an
L-shaped layout with the main house and the rooms arranged at right angles because of
the topographic constraints.
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Figure 2. Location of Hunan Tujia in China and research location.
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Figure 3. L-shaped and Zuozi dwellings in Hunan Tujia. (a) L-shaped dwellings. (b) Zuozi dwellings.

2.2. Questionnaire Survey

A questionnaire study on indoor air quality was conducted on Hunan Tujia residents.
The questionnaire contained queries based on indoor air quality based on the study by
Zhu et al. and additionally modified according to the characteristics of the Hunan Tu-
jia residential environment [52-54]. The survey included living habits, awareness level
of air pollutants, and subjective feelings regarding indoor air pollutants of the citizens
(Table 1). A total of 900 questionnaires were distributed, and 764 valid questionnaires were
finally returned.

Table 1. Content of the questionnaire research.

Comment Question
Basic information Gender, age, illness history
Odours Oil and smoke odour, Stuffy odour, mould odour, pungent odour
Open window behaviour Open windows all day, open windows occasionally, never open windows
Air purifier use Never, barely use, often use, daily use

Daily staying hours <8h,8-12h,12-16 h,>16 h

Cooking and heating energy source Solid fuels (such as wood, charcoal, and coal), natural gas fuels, electricity
Indoor air quality evaluation very bad, bad, moderate, good, very good

2.3. Field Measurements

In the project, first, the approvals necessary for the study were obtained. After obtain-
ing approval from the village chief and clerk, we conducted indoor air research and moni-
toring studies on dwellings. We conducted extensive mapping of Hunan Tujia dwellings,
including 23 Zuozi dwelling dwellings and 23 L-shaped dwellings. The results of the sur-
vey showed that the Tujia dwellings had the same building materials, building structures,
types of electricity, and fire habits (Figures Al and A2). Meanwhile, the traditional Tujia
villages were located in the tree-rich mountainous area without any factories of pollutants.
In addition, due to economic development, many young people went to cities to work
and live, and the resident population here was mainly the elderly and children. Before the
sample selection, we monitored the CO, and PM, 5 concentration in the firepit rooms of
23 Zuozi dwellings and 23 L-shaped dwellings for 15 min during the fire-use period, and



Int. |. Environ. Res. Public Health 2022, 19, 8396 5o0f 27

the results showed that the CO, and PM, 5 concentration in the firepit rooms of different
Zuozi dwellings was not very different (Figures A3 and A4). The dwellings tested were
selected by conductiong assessment in the field and discussion with the village chief and
residents to ensure that these dwellings were representative but not disruptive to the
normal life of the residents. The Zuozi dwelling was occupied by an elderly couple. The
L-shaped dwelling was occupied by an elderly couple and one of their grandchildren, that
is, three people. The selected dwellings were typical Tuozi dwellings, and their construc-
tion materials mainly included wood and small green tiles. The date 26 December 2021,
was selected for indoor air quality monitoring. Before monitoring, the selected residences
were subjected to daily sanitary cleaning. During the monitoring process, the residents
performed their daily living activities, and the windows on the south side of all rooms and
the doors of the hall were open.

The two representative dwellings of the Tujia were selected for on-site measurements,
including CO; concentration, PM, 5 concentration, PM;g concentration, and HCHO con-
centration, by using AZ-77597 CO, analyser and BR-SMART128S air-quality instruments.
According to the Indoor Air Quality Standard [55,56], five monitoring points were set up
in rooms of 50100 m? area, including the hall and bedroom, and three monitoring points
were set up in rooms with area less than 50 m?2, which included bedroom B, bathroom,
kitchen, and utility room. The sampling points in this study were evenly distributed on the
diagonal or pentagonal of each room. The instrument was placed at the measurement site
approximately 1.1 m high from the ground, and the pollutant concentration was recorded
at an interval of 3 min. The average value of each monitoring point is considered as the
pollutant concentration of the room. The monitoring rooms of the Zuozi dwelling include
firepits, bedrooms, parlours, and kitchens. The monitoring rooms of the L-shaped dwelling
include corner houses, bedroom As, parlours, and bedroom Bs. The measurement time
includes the time when the firepit is not in use for a long time (0-10 min), when it is in use,
and when smoke is released (10-40 min). Furthermore, the case when the firepit is not in
use and no smoke is released (40-95 min) is also considered. The monitoring instrument
parameters are presented in Table 2. The monitoring points of each room are displayed in
Figure 4.

Table 2. Monitoring instrument parameters.

Instrument Parameter Accuracy Measuring Range Resolution
AZ-77597 Carbon o
dioxide analyser CO, +30 ppm or +5% (0~5000 ppm) 0~5000 ppm 1 ppm
BR-SMART128S Air 3 3 3
quality instrument PMz5, PMio +20 pg/m 0~999 ug/m 1pg/m
Formaldehyde +30 pg/m? 0~3000 pg/m?3 1 pg/m?
I " Unility room | [ j
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Figure 4. Pollutant monitoring points. (a) Zuozi dwelling monitoring points. (b) L-shaped dwelling
monitoring points.
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2.4. Data Analysis

Based on the residential building design code (GB50340-2016) [57,58] (Table 3), the
indoor pollutant concentration was employed to evaluate and analyse the effect of the
PM concentration on indoor air quality and human respiration. Moreover, the indoor
concentration of various pollutants under the stable working condition of fire with firepits
was evaluated. The Indoor Air Quality Standard assignment is presented in Table 4.

Table 3. Indoor-air-quality standards [57,58].

Pollutant COZ PM2,5 PM10 HCHO

Average value standard 1000 ppm 100 pg/m3 150 pg/m3 150 pg/m?3

Table 4. Standard indoor-air-quality values [31,59].

CO, PMy 5 PMy Air Quality Level = Assigning Value
350~450 0~35 pug/m? 0~50 pg/m3 Best Xy =5
500~750 ppm 35~75 ug/m? 50~150 pg/m?3 Better X1 =4
750~1500 ppm  75~300 ug/m?®  150~460 pg/m?3 Normal X;=3
1500~2500 ppm  300~500 pug/m3  460~600 pg/m3 Worse Xy =2
>2500 ppm >500 ug/ m3 >600 ug/ mS> Worst X;=1

However, residents exposed to high levels of formaldehyde for long periods of time
are at risk of developing cancer. According to the United States Environmental Protection
Agency health-risk-assessment model [60,61], and with reference to the Ministry of Envi-
ronmental Protection and the China Environmental Exposure Behavior Study, the health
risk of formaldehyde can be calculated by using the following equation.

CR =1 x CSF 1)

where CR is the carcinogenic risk, I is the daily intake, mg-(kg-d)~!, CSF indicates the
carcinogenic slope factor kg-d-mg~!, and formaldehyde is 0.046 kg-d-mg~'.

2.5. Indoor-Pollutant-Spreading Software Simulations

In residential dwellings, firepits were the source of indoor pollutant generation. We
proposed a targeted indoor-pollutant-concentration control strategy in which the process
of smoke release from an indoor firepit in the traditional Zuozi dwelling was simulated
using PyroSim simulation [62,63] software to visualize the dispersion of pollutants released
from the firepit for numerical study.

2.5.1. Simulation Methods

A typical Zuozi dwelling of a Tujia family was selected for indoor-pollutant-dispersion
simulation with fire-dynamics-simulator (FDS) software. The building plan is in the form
of three large rooms, three small rooms, and five columns, with an opening of 12 m, a depth
of 6.5 m, and a height from the ground to the eaves of 6.5 m. The form and volume of this
house are representative of the western Hunan region. The building has one floor with a
bedroom, firepit, hall, kitchen, and utility room (Figure 5).

2.5.2. Model Building and Parameter Selection
Simulation Model

The model of the simulation was developed using PyroSim software based on field
mapping data, and the indoor furniture of the residential house was arranged according
to a real-world situation. The firepit is the source of indoor pollutants, and the fire source
size was 0.4 m x 0.4 m, according to the true size and location of the firepit. Considering
the living habits of the residents, all doors and windows of the building were to be opened
(Figure 6).
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Figure 5. Building plan and elevation. (a) Layout plan. (b) South elevation.

Figure 6. Simulation model.

Parameter Setting

Because the simulation process is low-Mach, large eddy simulation was selected
in the paper [64]. The Smagorinsky coefficient Cs, turbulence Prandtl number P, and
turbulence Schmidt number S were 0.2, 0.5, and 0.5, respectively [65]. Based on the
simulated residential situation, the dimensions of the simulated calculation area were set
to 14 m x 8.5m x 6.5 m, and the volume of the calculation area was 773.5 m3. According
to the user manual of PyroSim software, the grid size was set to 0.25m x 0.25m x 0.25 m,
with a total of 49,504 grids. Combined with the maximum heat release rate of the fire source
of the firepit, the grid setting was verified based on the equation of the grid division method
in the PyroSim software user manual. The ratio of the fire source feature diameter to the
grid size was 7.692, and the simulation result was consistent with the grid independence

test result. ,
. Q )5

Df = —— 2

(POCPTO\/§ @)

where D* is the fire source feature diameter, Q is the heat release rate of the fire source,
taken as 2000 kW; py is the air density, taken as 1.205 kg/m?; ¢, is the specific heat capacity
of air, taken as 1.004 kJ/ (kg k); Tp is the ambient temperature, taken as the annual average
temperature of the Tujia region (i.e., 293.15 k); and g is the acceleration of gravity, taken as

9.8 m/s? [66,67].
b= xxyxz 3)

where Jy is the grid size, and x, y, and z are the dimensions of the X, Y, and Z coordinate
axes of the unit grid, respectively.

From the statistics of China Meteorological Administration, we obtained the historical
wind direction in the Hunan region from 2011 to 2022, in which the north-easterly wind
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accounts for 52.07% of the time (Figure 7). Therefore, the wind speed in the simulation was
set to 1.5 m/s from the northeast. The simulation time was set to 1000 s.

B Time

2000

1500

Time (day)
=)
S
1S)
1

500 H

d

3 fheast

SOMHT N o

No(meas;\o wind o“mwes‘ﬂmb et gould Anwest gat

Wind direction
Figure 7. Historical wind statistics of Hunan region from 2011 to 2022.

2.6. Pollutant Control Strategies
2.6.1. Passive Smoke Collector

A special skylight-cat window (i.e., a small hole of 300 mm x 300 mm) was designed on
the roof of Hunan Tujia Zuozi dwellings (Figure 8a). We installed a passive smoke collector
above the firepit (Figure 8b). The principle of the thermal pressure difference was used to
make a large amount of smoke, which was rapidly exhausted outside through the collector
pipe, passing through the cat window. The selected passive smoke collectors were universal
and not specific. Thus, the indoor air quality was improved. To verify the effectiveness of
the passive smoke collector, we simulated the indoor-pollutant-concentration dispersion
with this device installed. The simulation model is displayed in Figure 1. The parameters
of the simulation were set the same as in Section 2.5.2.

Roof opening
N\

Smoke collection equipment

Expandable ]
metal hosd s

Smoke collection opening
£ Fi ].t'eplt

ININININ) T TN T IO OO T T

@ ®)

Figure 8. Passive smoke collector and its simulation model. (a) Passive smoke collection equipment.
(b) Passive smoke collection equipment simulation model.

2.6.2. Window Size

Window size directly affects indoor ventilation. The appropriate window size can
help reduce the indoor pollutant concentration. The use of solid fuels in firepits is the
most crucial source of indoor pollutants in Tujia dwellings. The indoor air quality in the
firepit room was the poorest when the firepit was closer to the bedroom than the kitchen.
Therefore, this study was conducted in the firepit room. The windows of traditional Hunan
Tujia dwellings were 700-1500 mm long and 550-1800 mm wide (Figure 9). We simulated
indoor pollutant dispersion under the working conditions of different window sizes of
900 mm x 900 mm, 1200 mm x 1200 mm, 1350 mm x 1350 mm, 1400 mm x 1400 mm,



Int. |. Environ. Res. Public Health 2022, 19, 8396 9 of 27

700

1450 mm x 1450 mm, 1500 mm x 1500 mm, 1800 mm x 1800 mm, and 2100 mm x 2100 mm.
The parameters of the simulation were the same as those presented in Section 2.5.2.

700, 550 4| 700 , 920 | . 1200 1800 950 1127
- L " :(:SSE:QEE:):
on)
g 2 ® @ @ 1
T T T :l l:l

Figure 9. Window size of traditional Hunan Tujia dwellings.

2.6.3. Windowsill Height

The windowsill height is another factor that affects indoor ventilation. An appropriate
windowsill height helps pollutants diffuse to the outdoors. In Tujia dwellings, 900 mm
is the most common windowsill height. To obtain more light and ventilation, many
dwellings also have secondary windows, which are additional windows on the top of
windows and doors. The height of the secondary windows is 2400-2700 mm. To determine
the appropriate windowsill height for Zuozi dwellings, we simulated indoor pollutant
concentration dispersion under different working conditions of the windowsill height of
firepit rooms, where the windowsill heights were 900, 1200, 1500, 1800, 2100, 2400, and
2700 mm. For the size setting of the windowsill, we selected the height of 900-2700 mm
for the study, considering the various types of windows in Tujia dwellings. This range
is feasible in real life. The simulation parameters are the same as those presented in
Section 2.5.2.

3. Results
3.1. Questionnaire Survey Result

The results of the questionnaire survey are displayed in Figure 10. The results revealed
that 34.17% of people who participated in the survey were over 60 years old and 71.4% were
women. Hunan Tujia is an ageing population; therefore, indoor air quality in the homes
of the elderly persons should be studied. Solid fuels (such as wood, charcoal, and coal)
are the main source of energy for cooking and heating. The use of solid fuels increases the
concentration of indoor pollutants and is one of the important sources of pollutants in Tujia
dwellings. Residents typically open windows, with 74.28% of people opening windows
throughout the day. However, the use of APs is limited, and the percentage of people who
never use APs is more than 80%. The percentage of people staying indoors for 8-16 h daily
is 55.1%. A highly polluted environment poses a severe threat to the health of residents. The
firepit and kitchen had the worst indoor air quality assessment environment and were rated
as moderate with 44.13% and 51.79%, respectively. Residents in the pollutant environment



Int. |. Environ. Res. Public Health 2022, 19, 8396 10 of 27

Proportion (%)

become acclimatised to an environment. Because of the degradation of organ functions of
some elderly people, these people are not sensitive to the degree of air pollutant. Therefore,
Hunan Tujia residential indoor pollutants should be controlled based on senior care.
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Figure 10. Questionnaire survey result.

3.2. Field Measurements Result
3.2.1. HCHO

The results of the indoor HCHO concentration monitoring in Zuozi and L-shaped
dwellings are displayed in Figure 11. The results revealed that the indoor HCHO concentra-
tions in the Zuozi dwelling and the L-shaped dwelling vary irregularly and are not affected
by the firepit. The hall of western Hunan dwellings is a place used for meeting, chatting,
and entertainment, with the largest door. When people are in the residence, the hall door is
always open; thus, the hall space has the optimum ventilation among all the rooms. With
excellent ventilation, the hall of both the Zuozi dwelling and the L-shaped dwelling is the
room with the lowest indoor HCHO concentration. The indoor HCHO environment of
the Zuozi dwelling is considerably better than that of the L-shaped dwelling. The selected
L-shaped and Zuozi dwellings have the same building materials and are located in the
same environment, and the residents have the same living habits. The difference in indoor
concentrations between the Zuozi dwelling and the L-shaped dwelling was caused by the
interior furniture and decoration materials. Furthermore, no significant change in HCHO
was observed in all rooms of both the Zuozi dwelling and the L-shaped dwelling during the
fire period. This result indicated that the firepit fire behavior does not cause a considerable
increase in indoor HCHO concentrations.

The analysis results of HCHO concentrations for each room of the Zuozi dwelling and
the L-shaped dwelling are displayed in Figure 12. The mean indoor HCHO concentration
(658 pg/m3) in the L-shaped dwellings was considerably higher than the Chinese standard.
The indoor carcinogenic risk of formaldehyde in the Zuozi dwellings was 5.748 x 10~° for
men and 5.382 x 107> for women, and the indoor carcinogenic risk of formaldehyde in
the L-shaped dwelling was 7.88 x 10~ for men and 7.38 x 10~ for women. For Hunan
Tujia dwelling, the carcinogenic risk values caused by formaldehyde exceeded the range
of formaldehyde recommended by the U.S. Environmental Protection Agency [68]. In
western Hunan, the indoor HCHO concentrations in traditional dwellings without new
decoration were in accordance with the Chinese regulations. However, the indoor HCHO
concentrations of newly renovated dwellings were higher than the Chinese regulation
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values. The residents living in these dwellings are highly prone to cancer with high HCHO
concentrations for a long time. Therefore, we suggest that for newly decorated residential
houses, more attention should be paid to indoor HCHO concentrations to avoid serious

health risks.
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Figure 11. Measurement of the indoor HCHO concentration in Zuozi and L-shaped dwellings.
(a) Indoor HCHO measurement results of Zuozi dwelling. (b) Indoor HCHO measurement results of
L-shaped dwelling.
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Figure 12. Comparison of the indoor HCHO concentration between Zuozi and L-shaped dwellings.

3.2.2. CO,

The measured results of CO; concentrations in each room of the Zuozi dwelling and
L-shaped dwelling are displayed in Figure 13. The CO, concentration in each room of
the Zuozi dwelling and L-shaped dwelling increased rapidly during the time when the
fire was used by the indoor residents. After the residents stopped using fire, the indoor
CO; concentration peaked in the following period and subsequently gradually decreased.
Among them, the firepit was the room with the fastest increase in CO, concentration.
During the air-monitoring period, the CO, concentrations in all indoor rooms were higher
than those outdoors. The trend of the CO, concentration change in each room indoors
remained the same for Zuozi and L-shaped dwellings. The CO, concentrations in the firepit
and bedroom of the Zuozi dwelling were always higher than those in the hall and kitchen,
and the CO, concentration in the hall was the least variable, whereas the concentration
in the L-shaped house varied in the order of the corner house, bedroom A, the hall, and
bedroom B. The kitchen of the Zuozi dwelling was the farthest from the firepit, the hall
was the room with the optimum indoor ventilation, and the bedroom was the closest to the
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firepit; therefore, the CO, concentration in the firepit and bedroom of the Zuozi dwelling
was always higher than that in the hall and kitchen, and that in the hall varied the least.
In addition, bedroom B and the corner room were farthest and closest from the firepit,
respectively. The hall of the L-shaped dwelling is the room with the otpimum indoor
ventilation. Therefore, the order of concentration changes in the L-shaped dwelling is the
corner room, bedroom A, the hall, and bedroom B.
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Figure 13. Measurements of the indoor CO, concentration in Zuozi and L-shaped dwellings. (a) Indoor
CO, measurement results of Zuozi dwelling. (b) Indoor CO, measurement results of L-shaped dwelling.

The analysis results of CO;, concentrations in each room of Zuozi and L-shaped
dwellings are displayed in Figure 14. The mean values of the CO, concentration in the
corner house, bedroom A, hall, and bedroom B of the L-shaped dwelling were 1407, 1345,
1185, and 1126 ppm, respectively. The highest indoor CO, concentration was in the corner
house of the L-shaped dwelling (2486 ppm). The CO, concentration in the stable state
of the indoor air in the L-shaped dwelling’s mill foot house, bedroom, hall house, and
bedroom were 1274, 1156, 1019, and 1497 ppm, respectively, which corresponded to the
evaluation assignment of 3, 3, 3, and 3, and the degree of air quality was average. The
average values of CO, concentrations in the firepit room, bedroom, parlour, and kitchen
of the Zuozi dwelling were 1403, 1471, 1051, and 1116 ppm, respectively, and the CO,
concentrations in the bedroom and firepit varied the most, with a range of over 1700 ppm.
The CO, concentration in the steady state of indoor air in the Zuozi dwelling, the hall, and
the kitchen were 1530, 1550, 981, and 1241 ppm, respectively, and the evaluation assignment
values were 2, 2, 3, and 3, and the degree of air quality was poor.
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Figure 14. Comparison of indoor CO, concentration between Zuozi and L-shaped dwellings.
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3.2.3.PMy5

The measured results of PM; 5 concentrations in each room of Zuozi and L-shaped
dwellings are displayed in Figure 15. The trend of indoor PM; 5 concentration in each
room was consistent with that of CO,, and the PM, 5 concentration is influenced by indoor
fire behaviour. During the time when the indoor residents used fire, the indoor CO,
concentrations in each room of the seated house and L-shaped dwelling increased rapidly.
After the residents stopped using fire, the indoor CO, concentration peaked in the following
period and subsequently gradually decreased. Among them, the room with the firepit
exhibited the fastest increase in PM, 5 concentration. During the air-monitoring period, the
PMj; 5 concentrations in each room indoors were higher than those outdoors. The order of
PM,; 5 concentration changes in the Zuozi dwelling was firepit, bedroom, hall, and kitchen,
whereas the order of PM; 5 concentration changes in the L-shaped house was corner room,
bedroom A, hall, and bedroom B.
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Figure 15. Actual measurement of indoor PM; 5 concentration in Zuozi and L-shaped dwellings.
(a) Indoor PM; 5 measurement results of Zuozi dwelling. (b) Indoor PM; 5 measurement results of
L-shaped dwelling.

The analysis results of PM; 5 concentrations in each room of the Zuozi dwelling and
the L-shaped dwelling are displayed in Figure 16. The mean PM; 5 concentrations in the
corner house, bedroom A, hall, and bedroom B of the L-shaped dwelling were 562, 586,
407, and 455 pg/m3, respectively. The variation in PM, 5 concentrations in each room
was not significant. The maximum indoor PM; 5 concentration also exhibited limited
variation (984 ng/ m3). The steady-state indoor air PMj 5 concentrations in the L-shaped
residential house were 498, 495, 410, and 842 ug/ m? in the corner house, bedroom A, the
hall, and bedroom B, respectively, and their evaluation correction values were 2, 2, 2, and 1,
respectively. The air-quality degree was average. The mean PM; 5 concentrations in the
firepit room, bedroom, hall, and kitchen of the Zuozi dwelling were 556, 624, 467, and
515 pug/m?, respectively, and the variation of PM, 5 concentrations in each room was not
significant. The steady-state indoor air PM; 5 concentrations in the firepit, bedroom, hall,
and kitchen of the Zuozi dwelling were 476, 622, 310, and 829 ug/ mS, respectively, and the
evaluation assignment values were 2, 1, 2, and 1, and the degree of air quality was poor.
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Figure 16. Comparison of the indoor PM; 5 concentration between Zuozi dwelling and L-shaped dwelling.

3.2.4. PMy

The measured results of PM; concentrations in each room of the Zuozi and the L-
shaped dwelling are displayed in Figure 17. The trend of the indoor PM; 5 concentration
change in each room is consistent with that of CO, and PM; 5. The PM;y concentration is
affected with the indoor fire-use behaviour. The change in the PM10 concentration in each
room increased rapidly when fire was used indoors, and subsequently reached the peak.
The rooms most affected by indoor fire-use habits were the firepit and the corner in the
Zuozi and L-shaped dwellings, respectively. The indoor PM; concentrations in each room
were higher than those outdoors during the indoor air-monitoring period.
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Figure 17. Actual measurement of the indoor PM;; concentration in Zuozi and L-shaped dwellings.
(a) Indoor PM;y measurement results of Zuozi dwelling. (b) Indoor PM;y measurement results of

L-shaped dwelling.

The analysis results of PMj( concentrations in each room of the Zuozi and the L-
shaped dwelling are displayed in Figure 18. The mean PM;j, concentrations in the corner
house, bedroom A, hall, and bedroom B of the L-shaped dwelling were 619, 613, 447,
and 494 ug/ m3, respectively. The maximum indoor PM;g concentration was not different
(992 pg/m3). The steady-state indoor air concentrations in the L-shaped dwelling were
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498, 495, 410, and 842 ng/ m3, and their evaluation values were 2, 2, 2, and 1 for the corner
room, bedroom A, the hall, and bedroom B, respectively. The overall air-quality level
was normal. The mean PM;j concentrations in the firepit, bedroom, hall, and kitchen of
the Zuozi dwelling were 635, 683, 537, and 566 nug/ m3, respectively, and the variation of
PMj; 5 concentration in each room was not significant. The steady-state indoor air PMjg
concentrations in the firepit room, bedroom, hall, and kitchen of the Zuozi dwelling were
502, 595, 407, and 887 pg/ m?, respectively, with evaluation assignments of 2, 2, 3, and 1.
The overall air-quality degree was normal.
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Figure 18. Comparison of the indoor PMj( concentration between Zuozi and L-shaped dwellings.

3.3. Software Simulation Results

The simulation results of the smoke release process from the firepit are displayed in
Figure 19. The indoor dispersion of CO, over time in each room is shown in Figures A5 and A6.
The process of indoor pollutant diffusion caused by firepits with fire can be categorised into
three stages. The first stage is the rapid spread at the fire-source site. Within 50 s after the
ignition of the fuel in the firepit, the smoke spreads rapidly from the firepit to the bedroom
and fills the entire firepit and the headspace of the bedroom. In the second stage, fire spread
from the fire source site to other rooms. After 100 s, the smoke spreads to the hall and at
200 s, fire spreads to the kitchen. The smoke concentration in the kitchen is low because all
windows, and the door to the hall are open and smoke spreads to the outdoors through the
windows and doors. In the third stage, smoke dissipates to the outdoors. In addition, when
the solid fuel in the firepit burned out and no combustible material was available in the
annex, the smoke concentration in the firepit did not increase after 200 s. However, indoor
smoke concentrations remained considerably higher in the firepit and bedroom closest to
the firepit than in the other rooms after 200 s due to the increase in indoor pollutants caused
by the fire behavior in the firepit. With the cessation of fire behaviour in the firepit, smoke
concentrations decrease in all rooms indoors. Considering the living habits of residents
with open windows, the doors and windows of all the rooms and the doors of the parlor
were kept open during the simulation period. The CO; concentrations were considerably
lower in the window and door areas of the parlor and bedroom than in other areas.
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Figure 19. Simulation results of the CO, release process from the firepit.

4. Pollutant Control Strategies
4.1. Passive Smoke Collector

The results of the CO, concentration over time for each room in rooms with or without
passive smoke collector installation are displayed in Figure 20. The simulation results of
the smoke release of dwellings with passive smoke collectors are displayed in Figure A7.
During the simulation time, the CO, concentrations in all rooms with passive smoke
collectors installed were lower than those in the traditional residential house. The peaks of
the curves of the modified bedroom, firepit, hall, and kitchen were 34.78%, 36.29%, 67.16%,
and 108.5% lower than the conventional peaks, respectively.

The statistical comparison of CO, concentration in each room in rooms with or without
passive smoke collector is displayed in Figure 21. The maximum and average values
of the CO, concentration in each room of the renovated house were lower than those
of the conventional one. The average values of the CO, concentration in the modified
bedroom, firepit, hall, and kitchen were 43.96%, 43.52%, 83%, and 118.12% lower than the
conventional values, respectively. The installation of passive smoke collectors is an effective
method to improve the indoor air quality in Zuozi dwellings.
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Figure 20. Simulation results of the CO, concentration in each room in rooms with or without passive
smoke collector. (a) Bedroom pollutants of installed equipment over time. (b) Firepit pollutants of
installed equipment over time. (c) Hall pollutants of installed equipment over time. (d) Kitchen
pollutants of installed equipment over time.
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Figure 21. Comparison of CO, concentration in each room in rooms with or without passive
smoke collector.

4.2. Window Size

The results of the CO;, concentration in the firepit for different window sizes are
displayed in Figure 22. The trend of the indoor CO, concentration with time is the same for
different window sizes. In all window sizes, the indoor CO, concentration rapidly increased
to the peak and subsequently decreased. With the increase in the window size, the curve
of the CO, concentration over time became flat. The highest indoor CO; concentrations
under the eight working conditions are distributed as 4470, 3300, 2930, 2850, 2620, 2570,
2110, and 1940 ppm.
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Figure 22. CO, concentration in firepit room with different window sizes.

The result analysis of the CO, concentration in the firepit with different window sizes
is displayed in Figure 23. The larger the windows size, the smaller the maximum and
average indoor CO; concentrations, and the lesser the pollutants caused by fire habits
in the firepit room. However, with the increase in the window size, the magnitude of
the CO; concentration change decreased, and the indoor pollutant control effect was less
obvious. The average indoor CO; concentration of 1400 mm x 1400 mm window size
was 56.84% lower than that of 900 mm x 900 mm, and the average CO, concentration of
2400 mm x 2400 mm was 35% lower than that of 1400 mm X 1400 mm. Tujia dwellings are
located in hot summer and cold winter regions, and oversized windows lead to the loss of
indoor heat in winter and the destruction of traditional architectural style. Considering the
local climatic conditions and traditional architectural forms, it is suggested that the smaller
window size can be adjusted to 1500 mm x 1500 mm, and the 900 mm x 900 mm window
size can be appropriately increased to 1200 mm x 1200 mm to reduce the risk of indoor
air pollution caused by the firepit fire behavior. This can not only help protect the local
traditional residential style but can also reduce the risk of indoor air pollution caused by
firepit fire behavior.
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Figure 23. Analysis of the CO; concentration in the firepit with various window sizes.

4.3. Windowsill Height

The results of the CO, concentration in the firepit for different windowsill heights are
displayed in Figure 24. For all the window sizes, the indoor CO, concentration rapidly
increased to the peak value and subsequently decreased. With the increase in the windowsill
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height, the peak value increased and then decreased under all working conditions. The
highest indoor CO, concentrations under the seven working conditions were 5910, 4360,
3910, 3520, 4010, 4600, and 4420 ppm.
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Figure 24. CO; concentration in the firepit room with different windowsill heights.

The statistical analysis results of the CO; concentration in the firepit with different
windowsill heights are displayed in Figure 25. For the larger window, the maximum and
average CO, concentrations were smaller and larger in the room. The average indoor CO,
concentration at 1800 mm windowsill height was 44.46%, which was 30.49% lower than
that at 900 and 2700 mm, respectively. The windowsill height of 1500-1800 mm could
substantially reduce the concentration of indoor pollutants and was a reasonable height.
Most of the actual dwellings have a windowsill height of 900-1200 mm. However, Tujia
dwellings have secondary windows that can be opened and have a windowsill height of
1800-2200 mm. In Tujia dwellings, the secondary windows can be opened to reduce the
concentration of indoor pollutants during fires. In addition, the windowsill height can be
adjusted to improve indoor air quality.
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Figure 25. CO, concentration in the firepit with various windowsill heights.
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5. Discussion

This study examined the indoor-air-pollutant conditions in Hunan Tujia dwellings for
reducing the risk of pollutant exposure. A large proportion of elderly people and children,
who are the susceptible population, live in traditional dwellings in China. This project
conducted a questionnaire study on indoor air quality in Hunan Tujia dwellings. With
34.17% participants of age > 60, indoor pollutants posed a considerable threat to the health
of the elderly. The use of solid fuels (such as wood, charcoal, and coal) by Tujia residents
was >90%, and was the main source of indoor pollutants. Moreover, more than half of the
participants spent 8-16 h indoors daily. Prolonged exposure to the high levels of pollutants
is highly detrimental to the health of residents, especially the elderly.

In this study, indoor air quality (HCHO, CO,, PM;5, and PM;() was monitored
in typical Tujia Zuozi and L-shaped dwellings. The results showed that indoor CO,,
PM; 5, and PMjg concentrations were considerably affected by the fire behavior in firepits.
The indoor air quality of Tujia dwellings was poor. The indoor CO;, PM; 5, and PMjg
concentrations exceeded the values for Chinese indoor-air-quality standards. The indoor
HCHO concentration in Tujia dwellings was in accordance with the Chinese standard
values, and for newly renovated dwellings, the average indoor HCHO concentration
(658 ug/m?>) was cosndierably higher than this standard. The indoor formaldehyde cancer
risk was 5.748 x 10> for males and 5.382 x 10~° for females. The percentage of residents
who never use air purifiers was >80%. The carcinogenic risk caused by formaldehyde in
newly renovated residential dwellings should be further studied.

CFD software was used to simulate indoor CO, dispersion when the fire was active in
the firepit. The smoke diffused from the firepit to the adjacent rooms, and the most affected
rooms were the master bedroom and firepit. This finding is consistent with the study results.
In addition, this study proposed three strategies for controlling indoor pollutants caused
by pit fires. All the rooms with passive smoke collectors in the firepit showed lower CO,
concentrations than the conventional rooms. The CO, concentration in the firepit reduced
by 43.96%. Adjusting the window size and windowsill height can considerably improve
indoor air quality. The size of smaller windows should be adjusted to 1500 mm x 1500 mm,
and the size of 900 mm x 900 mm windows should be increased to 1200 mm x 1200 mm,
considering the preservation of the traditional residential style. The most suitable height of
the windowsill was 1800 mm.

The Hunan Tujia region is one of the ten most populous minority regions in China. This
study assessed the indoor pollution of Tujia dwellings, investigated the indoor pollutant
dispersion patterns caused by fire bahavior, and proposed reasonable pollutant-control
strategies. These strategies can help improve the indoor environment for the residents.
In addition, this study provided a reference for the assessment and research of indoor
pollutants in residential dwellings in other regions.

This study presents some limitations. The study proposed three mitigation strategies
for the characteristics of indoor pollutants in Tujia dwellings, including the use of passive
smoke collectors, adjustment of windowsill heights, and adjustment of window size. The
mitigation strategies were validated using CFD software. However, these strategies were
only individually validated for their effectiveness, and no multi-objective algorithms were
established to obtain highly reliable mitigation strategies. In addition, the sources of indoor
pollutants in Tujia dwellings are diverse, and the fire behavior of firepits is only one of the
most important sources. This study addressed indoor pollution caused by the firepit fire
behavior, but other sources of pollutants were not investigated. This study evaluated indoor
air quality only in winter, and summer indoor pollutant profiles are different from winter
indoor pollutant profiles. Future studies should focus on year-long indoor air profiles.
Furthermore, these strategies were validated for indoor pollutant concentration control
using software; however, their practical applications and evaluation were not studied. We
will address these research deficiencies in our future study.
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6. Conclusions

In this study, CFD was used to optimise the control of indoor pollutant concentrations
in typical residential dwellings in the Hunan Tujia region. A questionnaire study on indoor
air quality was conducted on Hunan Tujia residents, and indoor pollutant concentrations
in typical residential dwellings were monitored to determine the potential health risks of
indoor HCHO, CO,, PM; 5, and PMjg pollutants in residential dwellings. The dispersion
of pollutant concentrations in firepits was visualised and analysed using FDS. Pollutant
mitigation strategies adapted to Tujia dwellings were proposed based on respecting ethnic
beliefs and traditional customs. The conclusions are summarised as follows:

e  The questionnaire research results revealed that 34.17% of people participating in the
research were over 60 years old, and the indoor air quality of senior citizens” dwellings
should be investigated. Solid fuels are the main source of energy for cooking and
heating and are as the source of indoor pollutants in Hunan Tujia dwellings. The
percentage of people opening windows all day is 74.28%, whereas more than 80% of
people never use APs. Nearly 55.1% of people stay indoors for 8-16 h daily. Firepits
and kitchens are rooms with the worst indoor-air-quality-assessment environment.
Indoor pollutants in Hunan Tujia dwellings should be controlled in order to mitigate
their effect on elderly people.

e The values of the corner house, main bedroom, hall, and second bedroom of the
L-shaped dwelling were 3, 3, 3, and 3 for CO», 2, 2, 2, and 1 for PM; 5 and 2, 2, 3, and
1 for PMy, respectively. The CO, concentrations in the fireplace room, bedroom, hall,
and kitchen of the Zuozi dwelling were 2, 2, 3, and 3, respectively; the corrected PM; 5
concentrations were 2, 2, 2, and 1, respectively; and the corrected PM;y concentrations
were 2,2, 2, and 1, respectively. The overall indoor air quality of the western Hunan
Tujia dwellings was average. In newly renovated dwellings, more attention should be
paid to indoor HCHO concentrations to avoid serious health threats.

e  The simulation results indicated that the area above the firepit was the most dominant
smoke distribution area, which is consistent with the monitoring results. We recom-
mend the use of passive smoke collectors and adjustment of the window size and
windowsill height to reduce pollutant concentrations. The simulation results of indoor
pollutants with passive smoke collectors showed that the mean CO; concentrations
in the retrofitted bedroom, firepit, parlor, and kitchen reduced by 43.96%, 43.52%,
83%, and 118.12%, respectively, compared with that in the conventional rooms. The
simulation results of firepit pollutants with different window sizes showed that the
larger the window size was, the lesser the indoor air pollutants caused by firepit fire
behavior. The window size of 900 mm x 900 mm should be appropriately increased to
1200 mm x 1200 mm, which does not damage the local traditional dwelling style and
reduces the risk of indoor air pollution caused by firepits. The secondary windows
can be opened to reduce the concentration of indoor pollutants during the fire. In
addition, the windowsill height can be adjusted to improve indoor air quality.

This study has some shortcomings. Differences between the elderly, young people, and
children were not considered during the indoor-air-quality assessment of Tujia dwellings.
In addition, pollutant control strategies were proposed, and software simulations were
used to verify their effectiveness and scientific validity, but actual engineering validation
was not conducted. These shortcomings will be studied in detail in the future.
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Figure A7. Simulation results of the CO; release process of dwelling with passive smoke collec-
tor installation.
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