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Abstract: The highest concentration of PM2.5 in cold rural dwellings of Northeast China is often
generated by using mini stoves for cooking and heating, which can directly influence human health.
As of yet, little is known about the impact of different daily life behavior on PM2.5 diffusion and
residents’ exposure in rural dwellings. In this study, the characteristics of indoor PM2.5 variation
and diffusion in rural dwellings was described by measuring some rural dwellings and establishing
a multi-zone network model. The calculated results indicated that the relative errors between
theoretical calculated results and experimental measured results are within 10%. PM2.5 diffusion
in a rural dwelling can be predicted. Furthermore, the impacts of daily life behavior on PM2.5
diffusion and exposure assessment can be analyzed. Through discussion, heating behavior is the
most important factor causing high concentrations of PM2.5 in each room, followed by cooking,
smoking, and cleaning. Door opening time can lead to different interzonal airflows and PM2.5
diffusion rates. By reducing the inner door opening time to less than 1 min, PM2.5 could decrease to
300 pg/m?3. Door closing behavior could decrease risk that PM2.5 diffuses to bedrooms by more than
50%, and exposure of residents in bedrooms could reduce to 100 (ng-h)/ m?3 effectively.

Keywords: traditional heating systems; rural dwellings; PM2.5 diffusion; multi-zone network model;
daily life behavior; exposure

1. Introduction

In recent years, revitalization strategies in rural China have been developed and
implemented effectively. However, indoor air quality and pollutant exposure levels in rural
dwellings are much higher than those in urban residences in Northeast China, a situation
which has been thoroughly studied [1-3]. The main reason for this is that nearly 60% of
China’s rural residents still rely on burning solid fuels (such as wood, animal manure,
charcoal, crop waste and coal) in inefficient and polluting stoves for cooking and heating [4].
Moreover, smoking, cleaning and other daily life behavior could also impact on indoor air
quality. According to the World Health Organization, it was estimated that no less than
3.8 million children and adults die every year as a result of household exposure to smoke
from dirty cookstoves and fuels [5]. The number of deaths caused by burning solid fuels is
as high as 420,000 every year in China [6]. Furthermore, relevant research has proved that
indoor PM2.5, which is one of the most harmful pollutants, is exceeding a standard rate
as high as 93% in rural houses [7]. However, existing research lacks in-depth analysis of
indoor PM2.5 diffusion and exposure assessment in rural houses. Therefore, identifying the
mode of PM2.5 changing and its influencing factors is of great significance for improving
indoor environmental quality and residents” health in rural houses.

Currently, in order to clarify the changing diffusion mode of PM2.5 in rural dwellings,
relevant scholars have done some research on model establishment and concentration
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prediction methods. The lumped parameter models based on computational fluid dynamics
(CFD) and multi-zone network models were used widely [8]. Relevant studies showed that
the models based on CFD were more accurate and intuitive, but the shortcomings were
large amounts of calculation, poor convergence, and instability when faced with complex
research issues [9-12]. The network model could overcome these limitations. Each network
node was connected by air flow paths, and mass and energy conservation equations were
established to study air flow, pressure distribution, smoke propagation and pollutant
diffusion. Thatcher and Layton [13] calculated indoor PM2.5 concentration distribution
by establishing a single-room PM2.5 mass conservation equation in the early 1990s. Li
and Chen [14] analyzed the relationship between air exchange rate and penetration rate
in a room without a PM2.5 source through theoretical and experimental research. Xie
et al. [15] established an indoor PM2.5 prediction model for a single room based on the
lumped parameter model in a Chinese dwelling, which could be applied well to predict
the indoor particles under different ventilation methods such as natural ventilation and
mechanical ventilation. Stewart and Ren [16] developed a zonal model that nested within
a multizone model (COMIS) to allow increased resolution in the prediction of local air
flow velocities, temperature and PM2.5 concentration distributions between and within
rooms. Dimitroulopoulou et al. [17] established an INDAIR model to predict changes
in air pollutant concentrations in the British household microenvironment. Under three
emission scenarios (no source, cooking, smoking), the model was parameterized by using
the probability functions of four pollutants (NO,, CO, PM10 and PM2.5). The results
showed that the model predictive values were consistent with measured data nearly. Shen
and Deng [18] established a general model of indoor air quality (IAQ) for natural ventilation
buildings. The application was extended from a single room to multiple rooms to predict
the impact of PM2.5 on indoor air quality. Zhang and Chen [19] established a variety of
mass conservation models for different space layouts to simulate the diffusion behavior
of PM2.5 indoors, which laid a foundation for using mass conservation models to study
indoor particulate matter diffusion. Fabian et al. [20] used the CONTAM model to predict
NO; and PM2.5 concentration among low-income families in Boston and emphasized the
challenge of simulation due to huge differences in emission intensity. McGrath et al. [21]
developed and applied a multi-zone probability calculation model (IAPPEM) based on
the INDAIR model, and the results presented that the model could predict PM10 and
PM2.5 concentration in a residential indoor environment well. Byung et al. [22] used a
CONTAMW simulation to analyze outdoor particle penetration and transport and their
impact on indoor air in a multi-zone and multi-story building. The study demonstrated that
the CONTAMW simulation could be useful in analyzing the impact of outdoor particles
on indoor environments through the identification of key particle transport parameters
and validated airflow simulations. Ferro et al. [23] proved that the interior door position
and opening angle would affect the change of pollutant concentrations in a remaining
functional room caused by short-term indoor emission sources (such as cigarettes, candles,
and incense). McGrath et al. [24] determined that the opening of inner doors would cause
changes in the interzonal airflows by combining simulation and experimental research.
Moreover, it was certificated that opening time would cause a difference in pollutant
concentrations in a room. However, the PM2.5 diffusion process and exposure assessment
in rural houses has rarely been studied. A multi-zone model was more reliable and
convenient than other models for simulating indoor PM2.5 diffusion in multiple rooms in a
rural dwelling.

In this paper, the aim was to determine the characteristics of indoor PM2.5 diffusion
and residents’ exposure under different behaviors of residents in rural dwellings of North-
east China. The contents of this paper are arranged as follows. First, the representative
rural house was identified by investigation. A multi-zone network model describing the
PM2.5 diffusion characteristics of a representative rural house was established. Moreover,
the accuracy of this model was verified through theoretical and experimental research.
Finally, the influencing factors of pollution source intensity, indoor airflow, and daily life
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behavior on the indoor PM2.5 diffusion process and exposure assessment were discussed
and analyzed, which could be a theoretical basis for controlling strategies of indoor PM2.5.

2. Materials and Methods
2.1. Investigations and Measurements
2.1.1. Representative Rural Dwelling

Approximately 246 rural dwellings were investigated in Northeast China from Jan-
uary to March in 2021. Some basic information was recorded, such as building period,
orientation, area, residential form, heating system(s), fuel type(s) and so on. The cluster
analysis method was used for the selection of representative rural dwellings. Based on
the statistical results, different rural dwellings were divided into three classifications by
considering some influencing factors [25], as shown in Table 1. Selecting the category
with the largest proportion (general dwellings II, 121 households) as the research object.
The representative dwelling was identified, as shown in Figure 1. This three-bay house
was completed in 2000 and faces south with a construction area of 80 m? and a height of
2.7 m. The heating methods were kang (a Chinese traditional radiation heating system) [26]
and heating radiators. Wood and straw were usually used for heating and cooking in the
kitchen. Two stoves were constructed in the north side. Stove2 was connected with a kang
for heating by flue gas and equipped with heating radiators using hot water in the west
bedroom and living room. Stovel was connected with a kang for heating the east bedroom.
In order to prevent heat loss, all exterior windows were sealed with plastic film in winter.

Table 1. The clustering analysis of households’ characteristics.

Classification Clustering Error Si
Subject (Unit) F ig.
) I 1 11 Mean df Mean df (<0.05)
Square Square
Number of permanent 5 3-5 2 80.72 2 0.67 243 12067 0.000
residents (Person)
Residents’ age (Years) o o 50~79 2691.76 2 186.45 243 1444 0000
Annual income of a
household 81,290 47,990 21,888 5.87 x 1010 2 1.07 x 108 243 546.96 0.000
(Yuan)
Building area (m?) 114 82 76
Plan layout Four-bay Three-bay Two-bay 1485464 2 877.68 243 16.93 0.000
Heat transfer coefficient
of exterior wall 1.4 1.4 1.5 0.72 2 0.10 243 6.94 0.001

(W/(m?K))
Households (Number)

31 121 94

2.1.2. Measurements

During heating and cooking periods, smoke and pollutants are generated by fuel
combustion in stoves and discharged to the outside through chimneys. Some of the smoke
and pollutants are discharged from the kitchen to other functional rooms and outdoors via
doors and gaps in building envelopes. In order to discuss the spatiotemporal variation
characteristics of indoor PM2.5 in traditional dwellings of Shenyang, China, instruments
for measuring temperature, relative humidity and PM10, PM2.5, CO, concentration were
set for continuous monitoring and placed in the center of each functional room, including
the bedrooms, corridor, living room, and kitchen. The magnetic switch recorder measured
the opening time of doors (opening time per instance) and frequency in residents” daily
life, and the test probes were arranged on the doors, as shown in Figure 2. The testing
instruments and their accuracy are shown in Table 2. Among them, a PM2.5 testing recorder
had been corrected with TSI AM510 before doing experiments. The CO, concentration,
temperature and humidity recorders were set to record data every two minutes, and the
door-opening frequency, PM10 and PM2.5 recorders were set to record data every minute.
The measuring period was on 13-19 January 2020. Outdoor wind speed and direction were
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also measured. The height of the testing point outside the house is 1.5 m above on the
ground. The mean wind speed was 0.2 m/s, and the main wind direction was E and SE.
Residents living in the representative rural dwelling include one older woman (70 years
old), two middle-aged men (45 years old), and one young boy (12 years old). Experimental
conditions are shown in Table 3. The experimental parameters are as follows. First, the daily
life behavior of residents in this research included heating, cooking, smoking, cleaning, and
ventilating. Second, daily life behaviors were carried out at different times and positions
between January 13th and 19th, respectively. Heating and cooking were in the kitchen,
smoking was in the living room, and cleaning behavior was in the east bedroom. Third,
during the testing process, all of the windows were closed, and ventilating behavior was
reflected by random opening of the exterior door and interior doors.

CHMNEY

N 7 — PM25 diffusing path
E%E ----- » Smoke exhausting path
N =— * Hot water pipe
wp 78 @ Gravity water tank
/\%7 KANG MAIN BODY L"“iﬁ":y7
f=F P~ Ew-e -
|| =S )

Soleplate

Appearance of the house

Figure 1. Appearance of the representative rural house and a diagram of a kang and stove.

Table 2. Testing instruments and their measurement accuracy.

Test Parameters Test Instruments Instrument Precisions Manufacturers
Air temperature 1/?.“ te}f‘pe.";.ture and 4 —40-100 °C (0.1 °C) TIAN JIAN HUA YI
Relative humidity relative “/‘VIE“Z;Z’ recoraer 0-100% RH (+0.1% RH) Technology Co., Ltd.
PM2.5 recorder developed BEIJING CO-CLOUD
PM10 and PM2.5 based 0-2999 ug/ m> www.co-cloud.com.cn Beijing,
concentration on Plan tower a003 sensor +1 ng/ m3 China (accessed on 1 January
ZF-R3 2020)
. CO, recorder 0-5000 ppm TIAN JIAN HUA YI
CO; concentration WEZY-1 +75 ppm Technology Co., Ltd.
Magnetic switch Maximum sensing TIAN JIAN HUA YI

Door switching frequency

recorder CKJM-1

distance 30 mm

Technology Co., Ltd.
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Measuring points: A PM10 and PM2.5 concentration ¥ Door switching frequency

Outdoor wind speed and direction © CO, concentration € Air temperature and relative humidity N
30 N — A.’@
1
- . Store room AO® Store room

Stove2
o - Kitchen
s
—Frequency (%) —Mean speed (m/s) frequen

PM and temperature
and hunidity probe

YANOL 2

NO® NO®

Corrido East bedroom

~

Figure 2. Instruments’ arrangement and measuring points.

West bedroom Living room

Table 3. Measuring conditions.

Fuel Consumption (Straw/Wood)

Date Time

West Stove (kg) East Stove (kg)
135t JAN. 1100 002125 002/120
lish JAN. 1410 0027125 0027123
155, JAN. 1300 00123 002120

The random error was solved by t-distribution method at a given confidence level of
95%, and the systematic error was solved by square and root compound method. Finally,
these two were combined for analysis [27]. The system error was calculated according to
Formula (1):

Basys = LC X FS (1)

where, B, sys is the system error; LC is the accuracy level of the measuring instrument; FS is
the measuring instrument range.
The random error was calculated according to Formulas (2) and (3):

Baran = tO'//\/N )
N 0.5
¢ = [1/(N=1)x }_ (¥ = Yae)” ®)
j=1

where, B, ran is random error; ¢’ is the sample variance; N is the number of samples; t is
the critical value of t distribution, determined by samples and the confidence level of the
experimental test; Yj isa single measurement value; Y,y is an average measurement value.
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According to Formulas (1) and (2), the total measurement error of the direct measure-
ment parameters was calculated by Formula (4):

By = \/ Bg,sys + Bg,ran 4)

The total measurement errors were: PM2.5: 3.47 ug/m?, CO,: 4.77 ppm.

2.1.3. Particulate Matters Variations

In order to clarify source intensity and diffusion characteristics of indoor PM2.5 and to
verify the calculation accuracy of the PM2.5 diffusion model, experiments were conducted
in the representative rural dwelling. Some measured results are shown in Figure 3. Indoor
PM2.5 and PM10 concentrations during cooking and heating were far beyond the national
standard of 75 ug/ m?3 [28] most of the time, except 0:00-5:00 in each day. As cooking and
heating behaviors were carried out in the kitchen, the PM2.5 concentration of each room
increased rapidly. As shown in Figure 3c,d, the peak concentrations of PM2.5 and PM10
in bedrooms were generated following 20 min after those in the kitchen. This illustrates
that pollutants can diffuse into other functional rooms within a limited time. Figure 3e
shows that the concentrations of PM2.5 and PM10 had no correlation in the kitchen. The
emission time of PM2.5 was about 30 min (7:30-8:00). The varied concentrations of PM2.5
were distributed exponentially. The fitting results (R? > 0.9) are shown in Figure 3f. The
mean concentration of PM2.5 was 900 pg/m3, which can be used for calculating the mean
emission rate. Figure 3g,h show little difference in temperature and humidity in these
three days.

2.2. Simulations
2.2.1. Model Establishment

Indoor PM2.5 was taken as the main research object, Therefore, a PM2.5 diffusion
model was established based on a geometric model (shown in Figure 4).

Kicthen Living room West bedroom Kicthen Living room West bedroom
East bedroom Outdoor East bedroom Outdoor
5000 5000 T
13th, January 14th. January | 15th. January 13th. January 14th, January ! 15th. January

PMI10 (ug/m?)
léz
[=3
(=]

1000 y
I
0
SRR EEEEEEEEE: 888888888888888888
<+ 0NNV OO T VAN VOO T WA VOO 3 3 1 c
— - P - - - O NOUQLOTOALIOTOND QSO
Time Time
(a) (b)

Figure 3. Cont.
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Figure 3. Indoor and outdoor PM variation ((a) PM2.5 variation during 13-15 January; (b) PM10
variation during 13-15 January; (c) indoor and outdoor PM2.5 variation during heating and cooking;

(d) indoor and outdoor PM10 variation during heating and cooking; (e) relationship between PM2.5

and PM10 in the kitchen; (f) the fitting results of PM2.5 source intensity during heating; (g) indoor

and outdoor air temperature; (h) indoor and outdoor air relative humidity).

Indoor PM2.5 diffusion model was established as Formula (5):

dc;
Var

Q21+ Qo = Q2+ Quo
Q12 + Qa2 + Qo2 = Q21 + Q23 + Qoo

Q23 + Qa3 + Qs3 + Qoz = Q32 + Qza + Q35 + Q3o

Q34+ Qoa = Quz + Quo

=E—(Qo+KV)C;i — ) Qu(Ci — C) + pQsC;
=1

©)

(6)
@)
®)
©)
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Q35 + Qos = Qs3 + Qs0 (10)
where, V is the room volume, m?; Qr is the infiltration fresh air volume from the outdoors,
m?3/h; Qs is the infiltration air volume through building envelope, m3/h; p is the PM2.5
penetration rate, 1/h; E is the indoor PM2.5 emission rate, pug /h; Q, is the air flow to
the outdoors, m3/h; K is the PM2.5 deposition rate, 1/h; Qj is the interzonal airflow
representing the transport of pollutants between internal compartments, m?/h; C; is the
PM2.5 mass concentration of room i, pug/ m3; C, is the outdoor PM2.5 mass concentration,
ug/m3; Cy, is the PM2.5 mass concentration of room k, ug/m?’; tistime, h;k=1,2... n; Q
is the interzonal airflow, which was calculated with CO, tracer gas method, m3/h.
@ iﬁ @ Cs(t)
West store Qs0Q05 Kitchen Qs0Qos East store
room - Qi5Qs3g, v TOOM
ove F
'E1] Cooking area %@ E2
Ci(t) Cz(t) Cs(t) Ca(t)
West bedroom Living room  |Corridor East bedroom
Q1 Q32 Qsa
le Q?j Q-U
(t)
QuQu Outdoor Qo02Q20 Qo3 Q30 Qo4Q40
Figure 4. Indoor PM2.5 diffusion model.

During the diffusion model establishment process, it was assumed that only the west
stove E; was used for heating. According to indoor PM2.5 mass conservation, the indoor
PM2.5 diffusion model of the rural dwelling was simplified as Formulas (11)—(15). Among
them, PM2.5 emission source intensity and interzonal airflow were the main influencing
factors of PM2.5 diffusion.

dCy (¢
Vi ;; ) _ Q21 (Co(t) — Ci (1)) — QuoCa (t) — KVACy () (11)
dCy(t)

Vo= = Qu(Ci(t) = Co(1)) + Qa2 (Ca(t) = Co(t)) — Qo (t) — KV2Ga(t) - (12)

dCs(t)
Vs— = = Qn2(Ca(t) = Ga(t)) + Qaa(Ca(t) — Co(t)) + Qs3(Cs(#) — Ca(t)) — (Qao + KV3)Cs(t) (13)
dCy(t
VP40 _ 0s(@alt) — Cal1) — QuCa (1) — KVAC(h) a9
dCs (¢
Vs ;t( ) _ Qs3(Cs(t) — Cs(t)) + E1 — Q50C5(t) — KV5Cs(t) (15)

2.2.2. Parameters Settings

(1) Assuming conditions

a. The research rural dwelling was taken as a control system. Each room was taken as
a control body (or network node). Indoor air was mixed fully in each control body. Each
network node was connected by air flow paths [17].

b. The indoor air temperature and relative humidity, pollutant concentrations, and
pressure of each functional room were uniform.

c¢. As shown in Figure 3a, cooking and heating occured in the kitchen, the concentration
of indoor PM2.5 is always higher than that outdoors, and the impact of outdoor PM2.5 on
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indoor PM2.5 is very a little. As the airflow was bidirectional; it is assumed that a high
concentration of PM2.5 was generated in the kitchen and discharged to the outside through
building envelopes. Then, “—pQ,;C;” was used for simulated calculation.

d. Since the airflow was bidirectional, it was believed that a high concentration of
PM2.5 generated in the kitchen was discharged to the outdoors through building envelopes.
The influence of flue gas density change could be ignored [18].

e. Particles’ transformation, condensation, volatilization, atomization, and resuspen-
sion had little effect on PM2.5 concentration, and could be ignored [29].

f. Due to the small particle size of PM2.5, its diffusion in the farmhouse is carried out
in the turbulent flow field, assuming that the PM2.5 carried by the airflow has no effect on
the characteristics of the fluid masses, and that the diffusion of PM2.5 is entirely caused by
the mixing between the fluid masses carrying PM2.5.

(2) Initial concentrations

The initial concentration of PM2.5 in each room was obtained through continuous
monitoring (kitchen: 65 ng/ m?3, corridor: 85 ng/ m3, living room: 75 pg/ m?3, west bedroom:
75 ug/m?3, east bedroom: 76 pg/m3), which was measured on 17 January.

(3) Source intensity

This study compared the calculated results of the fitted PM2.5 emission source intensity
and the mean emission rate. Among them, E [29] was calculated based on Formula (16),
and the results are listed in Table 4:

Cit—Cio 7=

E=Vx AT +(a+K)xC;—axCy (16)

where, E is the mean emission rate of PM2.5; C;; is the PM2.5 mass concentration of room
i at time t, ug/ m>; Cjp is the PM2.5 mass concentration of room i at the initial moment,
ug/ m3; C is the PM2.5 mean mass concentration of room 7 in time AT interval, ug/ m3; ais
the air exchange rate, h~!; As all the doors and windows were sealed by plastic films, the
air exchange rate x = 0 h~ 1.

Table 4. Source intensity of different PM2.5 emissions.

Differ?nt Location PM2.5 Concentration (ug/m3) Mean Emiss'ion Ex;(:::;ltial R? Dura‘tion
Behavior Peak Mean + SD Final Rate (ug/min) Function (min)
Heating Kitchen 1759 873.4 + 356.0 525 1455.5 y = 1437.6e 0038 0.909 30
Cooking Kitchen 1309 859.6 & 312.7 521 1274.0 ¥ =1206.0e 0093 0.960 15
Smoking Living room 761 425.7 + 238.4 343 1020.3 y = 571.2e0.052 0.901 10
Cleaning East bedroom 185 122.5 +59.6 84 333.5 y = 228.5e 0194 0.980 5

PM2.5 emission intensity under different daily life behavior and fitted exponential
functions (R% > 0.9) is presented inTable 4. As can be seen, there were obvious differences
between results of PM2.5 concentration, mean emission rate and duration. Heating in the
kitchen was the highest at 1759 j1g/m?3; the mean emission rate was 1455.5 pug/min.

(4) Interzonal airflow

The interzonal airflow was obtained with the CO; tracer gas method [30], and the
limited value of CO, concentration is 1000 ppm [31]. The interzonal airflow could be
calculated according to Formula (17):

\% Cio
Q= T X In Ca (17)
where, Cj; is the CO, volume concentration of room i at time ¢, ppm; Cjg is the CO, volume
concentration of room i at the initial moment, ppm.

As shown in Figure 5a, the concentration difference of CO;, was changed little every
day. The exterior door and inner door of kitchen were opened for exhausting flue gas
and particles, and much fresh airflow caused the CO, concentration to decay faster in the
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(ppm)

CO, concentration

Door open state —

(=}

kitchen and corridor. As special living habits of rural residents were carried out in different
functional room, the inner doors were opened frequently (Figure 5b,c). The interzonal
airflow calculated results are shown in Figure 5d. As can be seen, when the exterior door
and the interior door of kitchen were opened, the airflow was as high as 110 m3/h at
the exterior door, and the airflow at the interior door of the kitchen was about 46 m3/h.
While opening the door of bedroom and living room, the airflow was about 34 m3/h.
Among them, the infiltration air volume was as follows: Q9 = Qa9 = Qg = 4.4 m3/h,
Q5() =3.3 m3/h.

——Kitchen —— Corridor ——Living room | |
West bedroom  —— Fast bedroom  —— Ourdoor | 17th,January ; 18th,January ; 19th,January
17th, January 18th, January : 19th, January E ‘1
g E i
w ] I
=] 1 |
L | 1
=% i |
(=} 1 1
— 1 1
[=} 1 1
o 1 1
A : :
0 A A 2 A A : A A A
7:30 7:40 7:50 8:00 7:40 7:50 8:00 7:40 7:50 8:00
Time
(b)
17th,January . 18th,January | 19th,January e (09,3
i 45.8
; : 19th 33.7
i i 34.8
| | 33.9
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Figure 5. The changes of CO, concentration and door opened states during the heating process
((a) the changes of CO, concentration; (b) the door of the living room opened state; (c) the door of the
east bedroom opened state, where 1 represents closed, 0 represents opened; (d) interzonal airflow in
each room).

(5) Deposition rate

Byrne et al. [32], Fogh et al. [33] and Thatcher et al. [34] tested more than 100 dwellings
and obtained deposition rates of PM10 and PM2.5 of 1.0 h~! and 0.4 h™}, respectively,
through the combination of theory and experiment. Xie et al. [15] determined that the
PM2.5 deposition rate in Chinese residential dwellings was 0.3-0.69 h~! through exper-
imental research, with a median of 0.45 h~!. Comparing with the theoretical calculation
value (0.38 h™1), the error is 16%. In this study, the deposition rate was calculated to be
0.33-0.47 h~! by the deposition model of indoor PM2.5 [35] in the rural dwelling, which
was mostly consistent with previous studies. The deposition rate of PM2.5 was set to
04h~1

(6) Penetration factor

Liu and Nazaroff [36] tested the penetration factor of particles with different sizes
separately under various pressure differential conditions in an environmental chamber. The
results showed that the particle size, gap height, gap depth, pressure difference and material
had a greater impact on the penetration factor of particles. When the pressure difference
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2000

between the two ends of the gap was greater than 4 Pa and the gap height was greater than
1 mm, the penetration factor p in the size range of 0.02~7 um was approximately 1. In this
study, the penetration factor of PM2.5 was set to 1.

2.2.3. Model Accuracy

Calculated results were compared with measured results in Figure 6. As can be
seen, the relative errors between calculated results by multi-zone network model and
experimental results are within 10%. Therefore, PM2.5 diffusion in a rural dwelling can
be predicted. Furthermore, the impacts of daily life behavior on PM2.5 diffusion can be
analyzed and discussed.
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Figure 6. Calculated values compared with measured values.

3. Results
3.1. Impact of Different Behavior on PM2.5 Diffusion

The concentrations of PM2.5 in each functional room under different behaviors are
shown in Figure 7. It indicates that PM2.5 concentration exceeded 75 pg/m? in each room.
PM2.5 generated by smoking in living room can only impact on the adjacent room (the
west bedroom) by opening the inner doors. Cleaning (the peak value is only 185 pg/m?)
in the east bedroom could not impact adjacent rooms. However, under the condition
of heating, as the concentration of PM2.5 in kitchen was highest at 1559 pg/m?, the
average diffusion rate from the source to each room was reduced from 17.7 ug/(m3-min) to
10.1 ug/ (m3-min). While cooking was occurring in the kitchen, the peak concentration of
PM2.5 was 1059 pg/m?, and the average diffusion rate from the source to each room was
reduced from 6.9 pg/(m3-min) to 3.5 ug/(m3-min). This illustrates that when the PM2.5
concentration of the pollution source was decreased by 500 pg/m?3, the diffusion rate from
the source to each room could decrease by three times.
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Figure 7. Simulation results of PM2.5 concentration during different behaviors in the dwelling.
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3.2. Impact of Door Opening Time on PM2.5 Diffusion

Based on a lot of investigations in Shenyang rural dwellings, during heating, the
exterior door and interior door of the kitchen were opened fully, and the interior door of
store rooms were closed. The opening of other interior doors was random. The opening
time of different interior doors can lead to variations in interzonal airflow. The calculated
results are shown in Figure 8. The airflow of the exterior door was constant at 106 m3/h.
However, the airflow of interior doors was variable from 4.8 m3/h to 72.7 m3/h. Moreover,
the simulated concentration of PM2.5 under different interior door opening is presented in
Figure 9. When the interior doors of the bedrooms and living room were closed, PM2.5
was difficult to diffuse to other rooms, which lead to higher concentrations of PM2.5 in
the kitchen and corridor. However, in the bedrooms and living room, concentrations of
PM2.5 increased as the opening time increased gradually. When the opening time reached
more than 5 min, the interzonal airflow could be changed a little. PM2.5 concentrations
were steady. It was also shown that reducing the opening time of inner doors to be less
than 1 min could decrease PM2.5 concentrations to less than 300 pg/m?.

120
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Figure 8. Interzonal airflows under different door-opening times (Where 0 min represents closed,
30 min represents all doors are opened fully during heating process).
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Figure 9. Simulated concentration of PM2.5 under different door-opening times.

Figure 10a shows the changes of PM2.5 concentration in each room. When the opening
time was 6 mins, PM2.5 concentrations of each room could reach peak values. PM2.5
concentrations were 200-300 pg/m? in each room. While all doors were closed, the PM2.5
concentrations in the bedrooms and living room could reduce to less than 100 pg/m?
(shown in Figure 10b). However, most PM2.5 accumulated in the kitchen, with the peak
concentration the highest at 2300 pg/m?. This illustrates that by only closing the interior
doors of the bedrooms and living room, indoor PM2.5 would diffuse to the bedrooms and
living room through the gaps in interior doors. In conclusion, door closing behavior could
decrease PM2.5 difusion to other rooms by more than 50%.
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Figure 10. The changes of PM2.5 concentration in each room ((a) the interior doors to the bedrooms
and living room were closed, the exterior door and interior door to the kitchen were opened fully;
(b) all doors were closed).

3.3. Indoor PM2.5 Exposure

Borrego et al. [37] pointed out that the time-activity model is one of the most common
and effective human exposure evaluation methods through experimental research. As
on-site monitoring is time-consuming and labor-intensive, the PM2.5 diffusion model and
residents” behaviors are combined to establish a PM2.5 exposure model [38] to calculate
the exposure of residents under different daily life behaviors in this study. The indoor
behaviors of different age groups (older women (70), middle-aged men (45) and young
men (12)) were tracked in the test house under the influence of different pollution sources.
This is presented in Table 5.

Table 5. Activity intensity of different age groups.

Different
Behavior

Location Activity Intensity (IR(t), m3/h)

old

Middle-Aged Young Oold Middle-Aged Young

Heating
Cooking
Smoking

Cleaning

Kitchen

Kitchen

East bedroom

East bedroom

Rest
(0.3)
Rest
(0.3)

Light activity
0.4)

Light activity
0.4)

Mild activity
(0.456)
Mild activity
(0.456)
Rest
(0.306)

Mild activity
(0.558)
Mild activity
(0.558)
Light activity
(0.444)
Mild activity Light activity
(0.366) (0.444)

Kitchen East bedroom

Kitchen East bedroom

Living room West bedroom

West bedroom Living room

IR(t) is the respiratory rate, which is related to age, gender, activity intensity, etc. [39].

The calculated results of exposure and potential dose of residents under different
behaviors are shown in Figure 11. The PM2.5 exposure of older women and middle-aged
men was the largest during the heating process, which was 431.7 ug-h/m3. Moreover, the
middle-aged respiratory rate was larger, and its potential dose was the largest at 240.9 ug,
which was higher than that of the older adult. While the young boy was in the bedroom, his
exposure was the smallest at 170.4 pig-h/m?, and the potential dose was 51.1 pg. However,
during smoking, the smoker himself was the most harmed. At the same time, it had a
certain impact on the young boy who smoked second-hand smoke. During cleaning, due
to its lower pollution intensity, there was the lowest impact on residents’ exposure and
potential dose.
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Figure 11. Exposure of residents under different behaviors ((a) exposure, (b) potential dose).

Figure 12 presents the calculation results of exposure and potential dose to residents
under different door opening times during the heating process. The PM2.5 exposure and
potential dose of the young boy who was in the east bedroom decreased significantly with
the reduction of the door opening time. However, for elderly women and middle-aged
men who were doing something in kitchen, the PM2.5 exposure (480.7 pg-h/m?) and
potential doses were the lowest (219.2 ug, 268.2 ug) when the door was opened for 1 min.
With the inner doors closed, PM2.5 was difficult to diffuse to other rooms, and the PM2.5
exposure and potential dose of the young boy were the lowest (94.4 ug-h/m3, 28.3 ug).
However, it seriously endangered the older women and middle-aged men who were active
in kitchen. The exposure was 591.6 pg-h/m?, and the potential dose was between 269.8 g
and 330.1 pg.

Length of opening time (mins) m30m10 "S5 m2m]l MO Length of opening time(mins) W30 M0 #Sm2ml W0

Young

S Middle-aged

Residents

old

100

200 300 400 500 600 0 100 200 300 400 500 600

PM2.5 exposure (ug-h/m?) PM2.5 potential dose (ug)
(a) (b)

Figure 12. Exposure of residents under different door opening behaviors in different rooms ((a) expo-
sure, (b) potential dose).

4. Discussion

Currently, the multi-zone network model has been used widely to predict the particu-
late matters variations of single dwellings in other countries. However, due to the lack of
experimental data, numerous studies set the PM2.5 emission source intensity as a constant
value [17,20,21]. The mean emission rate was used for simulation calculation. Figure 13
presents the changes of PM2.5 concentration in each room calculated by the fitted emission
intensity and mean emission rate, respectively. As can be seen, the PM2.5 concentration
calculated by the mean emission rate (Figure 13b) had a steady trend after rising to the
peak concentration, which overestimated indoor PM2.5 concentration noticeably, and the
errors were large. On the contrary, the results calculated by the fitted emission intensity
had a better goodness-of-fit with the experimental data.
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Figure 13. Simulated concentration of PM2.5 in each room by different methods ((a) adopted the
fitted emission intensity; (b) adopted the mean emission rate).

In addition, PM2.5 emission source intensity measuring results were compared at
home and abroad. It was found that the results of smoking and cleaning behaviors were
similar to those results measured by Jiang et al. [40] and Aquilina and Camilleri [41],
according to which the PM2.5 emission rates were 1600 + 470 pg/min (smoking) and
242.7 ug/min (cleaning). For cooking behavior, it has been proved that the oil fume
components and PM2.5 emission characteristics were related to cooking methods, edible oil
types and oil temperature closely through simulation and experimental research [42,43]. As
aresult, the PM2.5 emission rates and duration (1274 pg/min, 15 min) tested in this research
were quite different from the results of He et al. [44] (2680 £ 2180 ug/min, 8 min). Heating
behavior was concerning as a unique and primary source of PM2.5 in rural dwellings. It was
found that the study results had large deviations due to differences in fuel consumption and
types, combustion efficiency, stove types, indoor and outdoor environments, ventilation
methods, etc. [45-48]. The PM2.5 emission source intensity needs more follow-up and
detailed research during the heating process.

5. Conclusions

In rural dwellings of Northeast China, the changing rule and main influencing factors
of indoor PM2.5 concentration were clarified by establishing a multi-zone network model.
PM2.5 exposure assessment of residents in a rural dwelling were calculated and analyzed
by a PM2.5 exposure model. Some conclusions are shown as follows:

(1) The relative errors between theoretical results calculated by the multi-zone network
model and the experimental results are within 10%, which verifies the accuracy of the
established model. Therefore, this model can predict diffusion characteristics of PM2.5
under different daily life behaviors in rural dwellings.

(2) PM2.5 concentrations during heating behaviors in the kitchen was the highest at
1759 ug/m3, and the average diffusion rate from the source to each room was reduced from
17.7 ng/ (m3-min) to 10.1 ug/ (m3-min). Through comparative analysis, when the PM2.5
concentration of the pollution source was decreased by 500 pg/m?3, the diffusion rate from
the source to each room could decrease by 3 times.

(3) Door opening time can lead to different interzonal airflow and PM2.5 diffusion
rate. Reducing the interior door opening time to less than 1 min could decrease PM2.5
concentration to 300 pg/m?. Door closing behaviors could decrease PM2.5 diffusion to
other rooms by more than 50% effectively.

(4) The PM2.5 exposure model is suitable for PM2.5 short-term exposure assessment
of residents. The potential dose of the middle-aged men during the heating process was the
largest at 240.9 pug. While the interior doors were closed, the exposure of residents in the
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kitchen was the highest at 591.6 (ug-h)/ m?, and the exposure of residents in the bedrooms
could reduce to 100 (ug-h)/m3 effectively.

(5) In order to reduce the risk of PM2.5 exposure to rural residents and to slow the
spread of PM2.5 generated by pollution sources to various functional rooms, it is possible
to consider the development and use of some clean energy sources to reduce the intensity
of PM2.5 emission sources; frequent closing of doors or reducing the length of opening
time of interior doors by residents in their daily lives; and mechanical smoke extraction can
be used, such as lower economic cost fans and range hoods.
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