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Abstract: In winter, many rural people in the coastal areas of northern China burn coal for both
cooking and heating. As a result, the rural population is seriously affected by indoor air pollution.
To analyze the influence of the location of heating sources on the air quality within rural buildings,
60 buildings with coal heating were surveyed and monitored using an Intelligent Built Environmental
Monitor for eight days. In addition, four typical rural buildings with different locations of heating
sources were selected for a transient analysis. The peak concentration of CO2 was 2869 ppm in
House 1 with a coal-fired stove in the living room. The average particulate matter (PM) levels were
89 µg/m3, 150 µg/m3, and 182 µg/m3 for PM 1.0, PM 2.5, and PM 10, respectively, in House 2 where
a stove was situated in a room adjacent to the living room. House 3, where stoves were in separate
rooms, had PM 1.0, PM 2.5, and PM 10 values of 25 µg/m3, 39 µg/m3, and 49 µg/m3, respectively,
and the lowest CO2 concentration (564 ppm) was found in House 4. The data collected showed that
the CO2, PM 1.0, PM 2.5, and PM 10 concentrations within Houses 1 and 2 far exceeded the standard
for indoor air quality. The findings suggested that coal-fired stoves, as a heating source, should be
situated away from the living room and adjacent rooms, and this change would clearly reduce the
concentrations of CO2 and particulate matter. Suitable courtyard ventilation was necessary for houses
with two or more heating sources.

Keywords: indoor environment; air pollution; rural buildings; heating modes; coastal China

1. Introduction

The rural areas of northern China are remote and tend to be economically underdevel-
oped with unevenly distributed energy resources [1]. Thus, the burning of coal in winter for
both food preparation and heating is common [2]. Coal combustion is inefficient and leads
to high levels of air pollution, including CO2 and particulate matter PM 2.5 and PM 10,
severely affecting the quality of indoor air [3]. It is estimated that the pollution of ambient
and indoor air by particulate matter resulted in 1.79 million premature deaths in China
alone during 2019 [3]. Therefore, the rural population in northern China is particularly
prone to inhaling pollutants from coal combustion during the winter and their health is
seriously affected by indoor air pollution [4].

A study by Cheng et al. [5] examined people’s adaptations to living in cold climatic
regions of China. The authors found that people tended to wear thicker clothing, drank
hot drinks, altered their activity patterns, and insulated their houses. A further study
by Shao et al. [6] recorded people’s behavior using continuous tracking for the objective
assessment of environmental factors and for subjective responses, obtaining specific data
on the heating needs of people in these remote areas. Zhang et al. [7] reported that people
adapt by wearing thicker clothes and heating their houses, while Wang et al. [8] investigated

Buildings 2023, 13, 792. https://doi.org/10.3390/buildings13030792 https://www.mdpi.com/journal/buildings

https://doi.org/10.3390/buildings13030792
https://doi.org/10.3390/buildings13030792
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0003-0299-3686
https://doi.org/10.3390/buildings13030792
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings13030792?type=check_update&version=1


Buildings 2023, 13, 792 2 of 14

adaptations in naturally ventilated houses. Neutral temperatures in the cold Harbin climate
were found to be lower than those in warmer areas. Inhabitants of severely cold areas
were observed to have developed specific forms of heating [9]. Li et al. [10] compared the
indoor air quality (IAQ) of traditional dwellings constructed of rammed earth with the
more commonly found buildings, finding that the inhabitants of the former experienced
more comfortable thermal environments and IAQ than the residents of other dwellings.
Zhao et al. [11] investigated low-income residents in rural China, observing that they wore
thicker clothing during winter to reduce heating requirements, while Li et al. [12] observed
that satisfaction with thermal conditions was associated with differences in culture and
that these differences should be taken into account when formulating building standards
in rural areas. Thus, additional research into the thermal environmental conditions in the
rural areas of cold climatic zones is important for the inhabitants of these regions [13,14].

A report by Han et al. [15] described the adverse health effects of using solid fuels for
domestic heating, which was extended by the findings of Chen et al. [16] on reduced IAQ
in rural areas resulting from space heating. An comparison of the indoor environments
of older people in five rural and five urban houses [17] in Beijing, China, showed that
the urban houses were associated with greater warmth and comfort during the winter
months than those in rural areas due to differences in the type of heating used. Studies
have proven that there are adverse effects on health from the gaseous pollutants and PM
emitted during coal combustion [18]. Li et al. [19] recently published a review on the solid
fuel combustion emitted by Chinese residents and its impact on air quality, both ambient
and indoor. PM 10 has often been studied in previous research. Studies on the air quality
during winter in northern China indicate poorer air quality during the cold season than
in warmer weather [20,21]. The deep inhalation of PM 2.5 can lead to numerous adverse
effects, such as the development of circulatory and respiratory diseases [4,22]. Fine particles
can reduce lung function and cause heart disease, lung disease, and respiratory disease,
and the risk is more significant for vulnerable groups, such as children, the elderly, and
sufferers of cardiopulmonary disease. Gao et al. [23] assessed the PM 2.5 inhaled daily by
people using solid fuels in Tibet, southwest China, from 2006 to 2007, while Du et al. [24]
estimated the daily inhalations of PM 1.0, PM 2.5, and PM 10 by residents in rural regions
of China during winter. Huang et al. [25] calculated that the mass fraction of PM 1.0 in
PM 2.5 inhaled in rural areas approached 90%. The health risk caused by PM exposure
is related to mass concentration and factors, such as the distribution of particle sizes and
particle diameter. Domestic coal burning results in the release of an estimated 45% of the
average monthly level of fine outdoor PM 2.5, reaching 57% during hazy winter periods,
exceeding the amount produced by the power and transportation industries combined [26].
Fine particles are able to penetrate the respiratory tract deeply, even into blood vessels.
They can usually absorb more toxic pollutants and have a greater impact on health. For
example, a relationship was observed between levels of submicron PM 1.0 and increased
premature birth risk in China [3,27]. It is also estimated that over 30 million premature
deaths resulting from air pollution occurred in China between 2000 and 2016 [28].

In addition, high levels of indoor CO2 affect human health [29] and working effi-
ciency [30,31] as both short- and long-term adverse consequences that reduce the produc-
tivity of both staff and students [32]. According to a survey conducted by Hou et al. [3], the
median annual indoor concentration of CO2 in northwest China is higher than 1000 ppm.
Wang et al. [33] found that the concentrations of indoor CO2 in cold regions of China during
the winter months exceeded the standard. In a typical indoor environment, a higher level of
CO2 is associated with both reduced air quality and symptoms such as headache, mucous
irritation, and slow performance [34].

Indoor air quality research and field measurement activities have primarily been
conducted in inland China [35–37]. There are few studies on rural living environments
in northern coastal areas, and data such as the pollutant levels in indoor environments
are still insufficient. The climate environment and family structure, as well as additional
factors affecting air quality, differ between inland and coastal areas. More field studies
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and activities need to be performed for rural dwellings in the coastal regions of northern
China. Therefore, the quality of the air within four rural dwellings with different heating
sources was monitored for eight days, including air temperature, relative humidity, CO2,
PM 1.0, PM 2.5, and PM 10, to investigate indoor air in rural areas along the northern
coast of China and provide necessary data to enhance the quality of indoor air in these and
similar regions.

2. Investigation Methods
2.1. Study Areas and Typical Rural Buildings

The study area was selected in villages in the Laoshan District of Qingdao within
the southern part of Shandong Peninsula, China. The eastern and southern parts of the
Laoshan District border the Yellow Sea, and the climate is influenced by the interaction
between land and sea, with transitional characteristics of continental and maritime climates.
Winter is windy with low temperatures in the local district. However, there is rarely severe
cold and high humidity. The temperature in autumn and winter is 2–3 ◦C higher than
inland, and the humidity is 5–7% lower than inland. The influence of the coastal climate
could lead to higher indoor humidity in test houses compared with inland rural houses.

In this survey, a total of 60 rural houses in five villages in the Laoshan District were
surveyed, and only a few houses were found to be heated by air conditioning. Most houses
still used traditional heating methods, such as stoves, radiators driven by a stove, a kang
driven by a stove, a radiator and a kang driven by a stove, and other ways of burning coal
or firewood for indoor heating. Figure 1 shows the percentage of the four most frequently
occurring heating methods in the buildings studied. On the one hand, four rural houses
were selected to analyze the quality of the indoor air in relation to variations in the location
of the heating source. In addition, a distribution of the air quality within 60 houses was
utilized to show the global state.
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Figure 1. Percentage of four types of heating facilities in the buildings surveyed.

Figure 2 shows the locations and characteristics of the buildings monitored. All four
buildings have courtyards, and only House 1 has a sunroom. Owing to the bad weather
conditions in the cold coastal areas, the front yard (backyard) of Houses 2 and 4 were closed,
which could reduce the air mobility of the houses compared with an open courtyard.



Buildings 2023, 13, 792 4 of 14

Buildings 2023, 13, x FOR PEER REVIEW 4 of 15 
 

closed, which could reduce the air mobility of the houses compared with an open court-
yard. 

 
Figure 2. Locations and features of the dwellings monitored in the southern part of Shandong Pen-
insula, China. 

2.2. Measurement Methodology 
The critical factors in this study were the type of heating facility and its location 

within the dwelling. According to a previous survey, there were four potential locations 
for heating facilities. Table 1shows the typical locations of heating facilities and their per-
centages in this survey. House Type I was heated directly by a coal-fired stove situated in 
the living room. In House Type II, the stove was situated in an adjacent room connected 
to the living room and drove a kang. In the two other house types, the stoves were situated 
in separate adjacent rooms, with House Types III and IV having one and two heating 
sources, respectively. Figure 3 shows the floor plan of the four typical house types and the 
heating location of the buildings monitored.  

Table 1. Accuracy and range of the measuring instruments. 

House 
Type Location of Heating Source Number Percentage Typical House and Inhabitant 

Number 
I Located in the main room 6 10% House 1 with 5 persons 
II Located in secondary room connected to the main room 21 35% House 2 with 3 persons 
III Located in separate secondary rooms or outdoors 12 20% House 3 with 6 persons 

VI 
Two heating sources located in separate secondary 

rooms or outdoors 21 35% House 4 with 6 persons 

Figure 2. Locations and features of the dwellings monitored in the southern part of Shandong
Peninsula, China.

2.2. Measurement Methodology

The critical factors in this study were the type of heating facility and its location within
the dwelling. According to a previous survey, there were four potential locations for heating
facilities. Table 1 shows the typical locations of heating facilities and their percentages in
this survey. House Type I was heated directly by a coal-fired stove situated in the living
room. In House Type II, the stove was situated in an adjacent room connected to the
living room and drove a kang. In the two other house types, the stoves were situated in
separate adjacent rooms, with House Types III and IV having one and two heating sources,
respectively. Figure 3 shows the floor plan of the four typical house types and the heating
location of the buildings monitored.

Table 1. Accuracy and range of the measuring instruments.

House
Type Location of Heating Source Number Percentage Typical House and Inhabitant

Number

I Located in the main room 6 10% House 1 with 5 persons
II Located in secondary room connected to the main room 21 35% House 2 with 3 persons
III Located in separate secondary rooms or outdoors 12 20% House 3 with 6 persons

VI Two heating sources located in separate secondary
rooms or outdoors 21 35% House 4 with 6 persons

Owing to the close proximity of the four buildings and the small differences in outdoor
climates, an Intelligent Built Environment Monitor (IBEM) was used to detect and record
the outdoor temperature, humidity, and wind speeds and directions in the flat locations
between the buildings. In the building, the IBEM was in the main room where residents
spend the most time and, therefore, the thermal environment had the largest influence on
residents. Under this condition, the test position of House 1 was in the same space as the
heating source; the test position of House 2 was in the adjacent space with the heating
source, and the test positions of Houses 3 and 4 were far away from the space where the
heating source was located. The thermal environment, including air temperature and
relative humidity, and the concentrations of air pollutants, including CO2, PM 1.0, PM 2.5,
and PM 10, were recorded using the IBEM.
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Table 2 indicates the accuracies and ranges of the measuring instruments. All instru-
ments were calibrated and debugged before use. The instruments were situated 1.5 m
above ground level in the main rooms of the dwellings and data were collected at 10 min
intervals on eight consecutive days between 21 and 28 December 2020.
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Table 2. Accuracies and ranges of the measuring instruments.

Name Tested Parameter Accuracy Measuring
Range Resolution

IBEM Air temperature ±0.3 ◦C −40~80 ◦C 0.1 ◦C
IBEM Relative humidity ±5% 0~99.9% 1%
IBEM CO2 ±75 ppm 400~5000 ppm 1 ppm
IBEM PM 1.0 ±10 µg/m3 0~1000 µg/m3 1 µg/m3

IBEM PM 2.5 ±10 µg/m3 0~1000 µg/m3 1 µg/m3

IBEM PM 10 ±100 µg/m3 0~2000 µg/m3 1 µg/m3

3. Results and Analysis
3.1. Transient Variations in Air Temperature and Relative Humidity in Typical Houses

Figure 4 illustrates the variations observed in both air temperature and relative humid-
ity over the measuring period in the four monitored buildings and the outdoor environment.
The average temperature outdoors during the monitoring period was −1.2 ◦C while the
average relative humidity was 55%. The average wind speed was 3.4 m/s, and the pre-
vailing wind direction shifted from EEN to NWN. Similar fluctuations were observed
within the four buildings (Figure 4). The air temperature within Houses 1–3 increased by
15.5 ◦C compared with the outdoor temperature. Owing to fewer radiators, it was still
lower than in House 4, and in the four rural buildings, only the air temperature of House
4 met the winter heating standard [38]. This phenomenon could be owing to the use of
both a kang and a radiator along with thermal insulation. The transient relative humidity
in Figure 4b shows that the low relative humidity in House 4 could be the result of the
increased temperature within the house. Only the relative humidity of Houses 1 and 2 met
the requirement for a comfortable indoor setting. These findings indicated that the indoor
thermal environment was not adequate for comfort and that it merits more attention.
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Table 3 shows the temperature and relative humidity (maximum, minimum, and
average) of the indoor air over the measurement period. It is apparent that the minimum
indoor temperature of House 3 was only 5.9 ◦C, which was much lower than that of the
other houses, probably because it has neither a closed courtyard nor a sunshine room. The
indoor temperature differences in Houses 3 and 4 were 12.8 ◦C and 12.3 ◦C, respectively.
This indicates that houses with radiators are better at heating. The peak and average
values of the indoor temperature of Houses 1 and 3 were very close, but the indoor relative
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humidity of House 3 was lower than that of Houses 1 and 2, which could be because the
open courtyard of House 3 enables the infiltration of more outdoor dry air.

Table 3. Indoor and outdoor temperatures and relative humidity over the monitoring period.

Buildings
Air Temperature Relative Humidity

Maximum
(◦C)

Minimum
(◦C)

Average
(◦C)

Standard
Deviation

Maximum
(%)

Minimum
(%)

Average
(%)

Standard
Deviation

Outdoor 7.0 −12.1 −1.2 3 100 21 55 14
House 1 17.7 10.7 14.3 1 66 41 52 4
House 2 18.4 11.3 14.8 4 60 38 51 4
House 3 18.7 5.9 14.1 2 49 28 39 5
House 4 24.4 12.1 18.5 3 46 22 32 5

3.2. Transient Variations in Indoor CO2 Levels in Typical Houses

The CO2 in indoor air is a critical indicator of air quality as it affects reaction times and
the ability to make decisions [17]. The variations observed in indoor CO2 concentrations
over time in the four dwellings are shown in Figure 5; CO2 concentrations exceeding
1000 ppm represent a threat to the health of the occupants [39]. As seen in Figure 5, the
indoor CO2 levels were greater than 1000 ppm in Houses 1 and 2 during the times when
the stove was situated in the living room, with the carbon released from coal combus-
tion containing substantial amounts of CO2. In Houses 3 and 4, where the stoves were
situated in secondary rooms, there was a sharp reduction in the CO2 levels compared
with Houses 1 and 2. In addition, it was easy to spot a sudden increase in the CO2 level,
especially in Houses 1 and 2 with the stove situated in the living room. This is usually the
result of adding more coal to the stove and indicates that the early stages of coal combustion
are associated with significant increments in CO2 levels, posing a significant threat to the
health of the occupants.
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The levels of CO2 in the four houses over the monitoring period are shown in Table 4.
It can be seen that the peak CO2 level was close to 1000 ppm, which has less of an effect
on the residents’ health, and the residents felt more comfortable compared with the other
rooms, while it was up to 2000–2800 ppm in Houses 1, 2, and 3. CO2 levels over 2000 ppm
can have significant effects on the faculties of the room occupants. In addition, the average
CO2 levels in Houses 1, 2, and 3 approached 1000 ppm, the upper acceptable limit for
indoor CO2 levels. The ASHRAE 180-2018 standard states that CO2 levels of 1000 ppm
result in feelings of drowsiness. Exposure to high CO2 levels for extended periods can lead
to respiratory disease.

Table 4. Indoor CO2 levels in the four houses over the monitoring period.

Buildings Maximum (ppm) Minimum (ppm) Average (ppm) Standard Deviation

House 1 2869 471 872 364
House 2 2101 536 1085 219
House 3 1989 498 746 244
House 4 1021 501 564 175

These results indicate that the indoor CO2 levels in these houses exceeded the acceptable
standards. Furthermore, despite the location of the stove in an adjacent room in House 3,
the room was connected to the living room with improved cross-ventilation, resulting in
similar levels of both average and maximum CO2 to Houses 1 and 2. This suggests that
coal-fired stoves should be situated in separate spaces as far away as possible from the
main living areas of buildings.

3.3. Transient Variations in Particulate Matter (PM) in Typical Houses

Particulate matter derived from coal combustion affects the PM levels within buildings.
The specific health hazards associated with PM depend on the type, chemical composition,
and particle size of the PM. The present study investigated the indoor levels of PM 1.0,
PM 2.5, and PM 10 in four dwellings.

3.3.1. Transient Variations in PM 1.0 Concentrations in Typical Houses

Fine particles, such as PM with diameters ≤ 1.0 µm, are able to penetrate the respira-
tory tract and even the blood vessels. These particles tend to have large specific surface
areas and are thus able to absorb greater amounts of toxic pollutants, with detrimental
effects on health. Variations in the indoor PM 1.0 concentrations over time for the four
houses are presented in Figure 4. When the indoor PM 1.0 level exceeds that standard of
25 µg/m3 set by the WHO [40], adverse health consequences are likely. Figure 6 shows
that the indoor PM 1.0 levels were over 25 µg/m3 for most of the monitoring time in
Houses 1 and 2 with the stove situated in the living room. Marked reductions in the PM 1.0
levels were seen in Houses 3 and 4 where the stove was situated in secondary rooms.
Furthermore, the levels in House 4 were over 25 µg/m3 over most of the monitoring time,
in comparison with House 3, possibly due to the location of two stoves in an adjacent room.

The indoor PM 1.0 levels in the four houses over the monitoring period are shown
in Table 5. The maximum PM 1.0 levels in Houses 1 and 2 were 430–480 µg/m3, and
approached 150 µg/m3 in Houses 3 and 4. PM 1.0 levels over 400 µg/m3 have been linked
with a significant risk of preterm birth [12]. Furthermore, the average PM 1.0 levels in
Houses 1, 2, and 4 were 50–90 µg/m3, representing the maximum levels for PM 1.0. This
indicates that these PM 1.0 concentrations were excessively high in these houses. PM
1.0 particles are tiny and can reach the alveoli and enter the blood circulation after being
inhaled by the residents, thus posing a more serious health hazard. Despite the location
of the stove in a secondary room in House 4, the indoor PM 1.0 levels were elevated by
cigarette smoking inside the house. This led to higher daily PM 1.0 levels in House 4
compared with House 3.
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Table 5. Indoor PM 1.0 levels in the four houses over the monitoring period.

Buildings Maximum (µg/m3) Minimum (µg/m3) Average (µg/m3) Standard Deviation

House 1 437 5 48 54
House 2 485 6 89 30
House 3 162 1 25 18
House 4 156 4 52 30

3.3.2. Transient Variations in the Concentrations of PM 2.5 in Typical Houses

Variations in the indoor PM 2.5 levels in the four houses are shown in Figure 7. The
upper limit of the indoor air quality index for PM 2.5 is 75 µg/m3 [41] and levels exceeding
this value can result in bronchitis, asthma, and the development of cardiovascular disease.
Figure 7 indicates that the indoor levels of PM 2.5 in Houses 1 and 2 exceeded 75 µg/m3 over
most of the monitoring period, while those in Houses 3 and 4 were relatively low. Peaks in
the PM 2.5 levels were apparent during breakfast and dinner preparations, although these
effects were not of long duration and tended to peak during the food preparation, lasting
approximately 30 min and not contributing markedly to the daily average. This contrasts
with heating, where combustion results in multiple peaks due to the constant supply of
fuel and contributes significantly to the daily average PM 2.5 levels.

The indoor PM 2.5 levels in the four houses are shown in Table 6. The average PM 2.5
levels in Houses 1, 3, and 4 were in the range of 40–70 µg/m3, below the PM 2.5 indoor
limit. Nevertheless, PM 2.5 peaks approaching 200–800 µg/m3 were seen in these houses,
reaching a maximum of 2000 µg/m3 in House 2. This indicates that PM 2.5 levels were
significantly in excess of the standard of 75 µg/m3 when a stove was present in the main
living room, allowing entry of the particles into the blood via the bronchi and alveoli, and
posing increased risks of disease and premature death to the inhabitants [37]. This could
have resulted from the relatively small indoor area, poor ventilation due to the enclosed
courtyard, and the greater number of stoves than in the other houses.
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Table 6. Indoor PM 2.5 levels in the four houses during the monitoring period.

Buildings Maximum (µg/m3) Minimum (µg/m3) Average (µg/m3) Standard Deviation

House 1 821 9 73 89
House 2 1995 7 150 46
House 3 271 2 39 16
House 4 250 6 75 45

3.3.3. Transient Variations in the Concentrations of PM 10 in Typical Houses

Variations in the PM 10 levels in the four houses over the monitoring period are
shown in Figure 8. The IAQ standard for the average PM 10 level is 150 µg/m3 [26].
Concentrations in excess of this can result in pathological changes in the body, especially
in children and older adults. As seen in Figure 8, in Houses 1 and 2, where the stove was
situated in the living room, the PM 10 levels were above 150 µg/m3, particularly in House
2. This could be the result of the depth of this house and poor ventilation caused by the
closed courtyard. The house also had many inhabitants, which would increase the PM 10
levels due to personal activities. The concentration of indoor PM 10 was higher than 150
µg/m3 in Houses 3 and 4, which had relatively less experimental time, where the coal-fired
stove was located in the secondary room.
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The indoor PM 10 levels in the four houses are shown in Table 7. The average
PM 10 level was only above 150 µg/m3 in House 2, although the peak PM 10 level
reached 3894 µg/m3. However, the average PM 10 levels in Houses 1, 3, and 4 ap-
proached 50–90 µg/m3, below the standard. Peak PM 10 levels reached 300–1000 µg/m3

in Houses 1, 3, and 4. There is a significant link between PM 10 levels and respiratory and
cardiovascular mortality, with the increases of 10 µg/m3 linked with a 0.68 % increase in
death from respiratory and cardiovascular disease. Thus, these conditions pose a serious
risk of respiratory disease for the inhabitants of these dwellings.

Table 7. Indoor PM 10 levels in the four houses during the monitoring period.

Buildings Maximum (µg/m3) Minimum (µg/m3) Average (µg/m3) Standard Deviation

House 1 1036 7 87 107
House 2 3894 8 182 55
House 3 368 2 49 36
House 4 304 7 90 53

3.4. Statistical Distribution of the Evaluation Parameters of Indoor Air Quality in the
Houses Surveyed

The transient variation of evaluation parameters clearly showed the patterns of daily
variations in the indoor air quality in the typical houses with different heating source
locations. Table 8 displays the statistical distribution of air temperature, relative humidity,
CO2 concentration, and particulate matter in the 60 houses surveyed. As shown, the
air quality was similar in houses of types I and II, where the concentrations of CO2 and
particulate matter, including PM 1.0, PM 2.5, and PM 10, were significantly greater than
the corresponding reference values in the IAQ standards. When the heating sources were
moved to separate secondary rooms or outdoors, the concentrations of indoor CO2 and
particulate matter were obviously reduced in the Type III and Type VI houses. However, it
was easily observed that there was a similar concentration of CO2, but there was a large
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difference in the PM levels between Type III and Type VI houses. In addition, the average
PM level in Type VI houses was twice as high as that in Type III houses owing to the two
heating sources. This phenomenon was owing to the low diffusion rate and, therefore,
suitable courtyard ventilation is necessary for houses with two or more heating sources.

Table 8. Evaluation parameters of indoor air quality in the houses surveyed.

House Type
Air Temperature (◦C) Relative Humidity (%) CO2 Concentration (ppm)

Particulate Matter Concentration (µg/m3)

PM 1.0 PM 2.5 PM 10

Max Avg Max Avg Max Avg Max Avg Max Avg Max Avg

I 17.4 ± 6.2 14.3 ± 2.4 64.3 ± 9.6 51.8 ± 4.1 2961 ± 658 1015 ± 256 417 ± 59 79 ± 9.3 809 ± 39 119 ± 31 1734 ± 136 149 ± 14
II 17.1 ± 7.2 14.9 ± 3.4 61.5 ± 9.1 50.7 ± 3.9 2141 ± 369 1046 ± 245 409 ± 51 81 ± 7.3 827 ± 34 120 ± 29 1839 ± 186 157 ± 29
III 17.1 ± 7.4 13.4 ± 4.1 45.3 ± 8.4 38.9 ± 3.2 1456 ± 315 645 ± 111 145 ± 26 23 ± 4.5 269 ± 17 45 ± 13 316 ± 69 42 ± 19
VI 23.6 ± 8.2 18.3 ± 1.9 43.9 ± 9.1 33.6 ± 3.4 1569 ± 309 675 ± 108 156 ± 39 41 ± 3.6 274 ± 16 81 ± 12 309 ± 64 98 ± 27

4. Conclusions

Owing to the more primitive heating modes, the rural population is especially vulnera-
ble to the inhalation of pollutants resulting from the burning of coal during the cold winters
in northern China, and their health is seriously affected by indoor air pollution. There have
been few investigations into indoor pollution in rural China. There is insufficient data on
the living conditions and indoor pollution in the northern coastal areas of the country. This
study experimentally monitored the IAQ in four rural houses over eight days to assess the
relationships between the location of the heating source and the quality of the air within
the houses. All of the data collected showed that the levels of CO2, PM 1.0, PM 2.5, and
PM 10 within dwellings in these coastal villages were unacceptably high in comparison
with the IAQ standards.

In this study, the location of the heating source was mainly analyzed on IAQ, while
indoor inhabitant behavior, building thermal performance, air permeability, and other
relative factors also had a certain influence on IAQ. The presented results showed the
IAQ status in the typical houses employing coal-fired stoves as heating sources in rural
buildings of Qingdao (China). The principal findings are described below.

(1) The indoor CO2 concentrations in Houses 1 and 2, where the stove was situated in the
living room, were markedly higher than those in Houses 3 and 4 that had stoves in
secondary rooms. Only in House 4 was the peak CO2 concentration close to 1000 ppm.
In House 3, the adjacent room was connected to the living room, resulting in both
average and peak CO2 levels similar to those of Houses 1 and 2. These findings
indicate that stoves should be located in separate spaces as far away from the living
rooms as possible.

(2) The peak concentration of PM 1.0 was 430–480 µg/m3 in Houses 1 and 2 where
the stove was situated in the main room. Houses 3 and 4, with stoves situated in
secondary rooms, had readings close to 150 µg/m3. Compared with House 3, the
indoor PM 1.0 of House 4 was above the standard value of 25 µg/m3. This could
be because there were two coal-fired stoves in House 4, which is more than in the
other houses.

(3) Over the monitoring period, the peak PM 2.5 levels in Houses 1, 3, and 4 approached
200–800 µg/m3, with a peak value of 2000 µg/m3 in House 2. While peaks of PM 2.5
were apparent during food preparation, the constant fuel supply results in a series
of peaks.

(4) The average PM 10 level in House 2 was above 150 µg/m3 with a peak value
of 3894 µg/m3. However, the average PM 10 levels in Houses 1, 3, and 4 were
50–90 µg/m3, below the standard, although the peak values reached 300–1000 µg/m3.
Indoor PM 10 values over the 150 µg/m3 standard can lead to organ damage, espe-
cially in children and the elderly.

(5) The heating sources of coal-fired stoves should be separated both from the main room
and from the secondary room connected to the main room. This would reduce the
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indoor levels of both CO2 and particulate matter. Suitable courtyard ventilation is
necessary for houses with two or more heating sources.
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