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Abstract: Low temperatures and high humidity often occur in the northern basins and mountainous
regions of China. This research reveals a common winter indoor environment in this rural areas
characterized by low-temperature and high-humidity indoor thermal conditions. Improving this
environment directly with equipment would inevitably result in significant energy consumption.
Therefore, comprehending the thermal performance mechanisms of different structural building
materials is of vital importance as it provides crucial baseline values for environmental improve-
ment. This study conducted a survey utilizing user questionnaires, resulting in the collection of
214 valid responses. Additionally, a local experiment regarding thermal comfort was conducted.
Simultaneously, this study monitored the indoor physical environments of these houses (a sample of
10 rooms was taken from earth houses and 12 rooms from brick houses). Parameters measured on
site included air temperature, relative humidity, light illumination, and CO,. The results showed that
the humidity inside the earth houses is more stable and regression models can be developed between
thermal sensations and temperature for long-term residents. The residents of these earth houses are
more sensitive to temperature step. In contrast, the residents of brick houses, experiencing greater
environmental variability, demonstrated lower sensitivity and greater adaptability to temperature
changes. In addition, heating from bottom to top is more comfortable and healthier for the residents
of brick houses in Gansu. Moreover, it is more favorable for the inhabitants’ livelihood to regulate the
temperature steps to a maximum of 4 °C. This study provides valuable reference information for the
future design of houses in low-temperature and high-humidity environments.

Keywords: thermal environment; earth house; brick house; cold climate zone

1. Introduction
1.1. Research Background

Buildings are responsible for approximately 39% of global CO, emissions. A break-
down of this figure reveals that 28% of global CO, emissions can be attributed to building
operations—commonly referred to as operational carbon; while the remaining 11% came
from building materials and construction—which was known as embodied carbon [1].
According to EIA (Electronic Industries Alliance) annual report data, China was the world’s
largest energy consumer, and its energy demand was expected to continue to grow [2].
The construction and operation of China’s buildings produced 42% of the country’s total
greenhouse gas emissions [3]. In September 2020, China proposed a 2030 “carbon peak”
and “carbon neutrality” by 2060. This double carbon target has been a goal of the con-
struction industry ever since. According to the 2021 China Statistical Yearbook [4], the
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rural population accounted for 36% of the total population of the country. In 2016, the
heating area of rural buildings in northern China was about 6.5 billion m?, accounting for
31.6% of the total heating area of northern buildings [5]. In contrast to urban areas, the ad-
vancement of energy efficiency in rural buildings has comparatively fallen behind in terms
of incorporating energy-saving design principles and implementing energy-conserving
infrastructure. A large number of new housing units in rural areas were built with less
professional guidance and sophisticated construction techniques, resulting in buildings
with poor indoor thermal environment.

In another aspect, to ensure a healthy indoor thermal environment, rural dwellers
must use a significant amount of energy to maintain a stable indoor environment. The most
widely used heating devices in rural region of Gansu are coal stoves and Chinese Kang (an
archaic, integrated residential mechanism designed to accommodate culinary endeavors,
nocturnal slumber, domestic warming, and ventilation for temperature regulation [6-8]);
both of which can cause indoor air pollution. According to a survey, long-term living in
this environment can lead to an increased probability of respiratory diseases [9]. Therefore,
enhancing the ability of houses to withstand the harsh environment will effectively reduce
energy use for heating and facilitate the creation of a healthy home. At present, there
was a wealth of research on the thermal environment of typical buildings in various
climatic zones in China [10-12]. However, current research lacks an exploration of the
differential sensitivity to temperature steps among long-term rural inhabitants across
different houses. Thus, this study discussed the environmental effects of two types of
houses in southern Gansu, temperature steps on the thermal sensation vote, and the
thermal comfort vote outcomes of their residents. This study elucidated the disparities in
performance between earth houses and brick houses under specific climatic conditions,
characterized by low temperatures and high humidity. It unraveled the potential further
exacerbation or alleviation of such conditions by these two types of dwellings, while
also exploring their impact on human comfort. In light of the prevailing global resource
scarcity and the daunting reality of population aging, home-based elderly care remains
the prevailing trend, particularly in China. The government strongly advocates for both
home living and elderly care, underscoring the imperative of investigating the influence
of architectural environments on individuals and the significant implications for future
architectural renovations and designs.

1.2. Objective of This Study

In China, rural areas accounted for 70% of the country’s total land area and are
inhabited by 43% of its population. However, there exists a significant disparity in the
distribution of rural comprehensive development levels. With the continuous economic
development, rural areas have become a focal point for construction. Nevertheless, if
the same construction methods as those used in urban areas are applied, it may lead to
higher carbon emissions and energy consumption, posing a direct threat to environmental
sustainability. Therefore, this study focuses on a typical rural area in western China and
conducts detailed surveys and on-site investigations, primarily addressing the following
two research questions:

(1) Inalow-temperature, high-humidity environment, what is the underlying mechanism
behind the real physical performance of low-cost indigenous materials?

(2) How can houses be made more conducive to comfort and health while keeping
economic costs limited?

This study investigates the thermal performance of two prevalent rural building struc-
tures and the distinct conditions experienced by the inhabitants. It provides evidence of the
subtle differences in living environments that can have a lasting impact on individuals over
time. Moreover, it offers some temperature setting references for the design of residential
environments in low-temperature, high-humidity conditions.
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2. Methodology
2.1. Study of the Current Situation

The region of Gansu, situated within China, can be classified as a cold region based
on China’s thermal zoning system, while falling within the temperate zone as per the
Koppen climate classification. This study selected a developing village in Tianshui, Gansu
Province, China (see Figure 1). Datan Village was monitored over a period of winter. The
coldest month is January, with an average temperature of —6.0 °C, and the south of Gansu
province has substantial precipitation and is considered a wet zone [13]. The traditional
house envelope in the Tianshui city of Gansu is mainly of earth construction, therefore,
during the winter season, due to the insufficient heating capacity, residences often exhibit a
phenomenon of low temperature but high humidity, significantly affecting human comfort.
The primary reason of high humidity is the winter snowfall in this region, which leads to
moisture absorption by the earth-built structures [14]. Since 2012, some researchers have
focused on the strong regional characteristics of the area’s traditional earth constructions,
summarizing their construction techniques and structural features [15,16]. Z. N An [17]
classified the sink ability class of local clay in the Tianshui city. Other researchers have
analyzed survey results, finding that the adobe walls of earth construction offer good
abilities to buffer humidity, and favorable thermostability [18]. However, the monitoring of
one room did not offer an objective result.

Datan Village

Tamperats monsoon climate

Narthem subtropical monsoon climate

Tianshui
Jiayuguan ’
Zhangye
Jinchang
Wuwei
A Interior of an earth house
Baiyin
Lanzhou Qingyang
Gansu  Unxia
................................................... - il
Dlﬂg)f\f - Einglong A Exterior of a brick house
Gannan L
e Longnan
%

A Interior of a brick h(;uw
Figure 1. Location map of the selected villages.

The local clay is easily available, so most of the buildings in the village more than
20 years old are earth houses. Over the past two decades, many brick houses in the village
were demolished and rebuilt on the original courtyard. The dimensions of the living
rooms in the local residences extended from 25 to 40 m?, with a notable prevalence of rooms
oriented towards the south, north, and east, while the number of west-facing rooms remains
relatively sparse. A group of recently constructed dwellings predominantly consists of two
stories, encompassing a land area of approximately 100 m?.

The Datan village is a traditional minority nationality village with 243 villagers. The
buildings in the village can be divided by main envelope material: earth or brick. The
largest proportion of the villages” dwellings are constructed with earth, accounting for
approximately 60% of the village. Furthermore, the majority of the inhabitants live in this
type of housing on a permanent basis. Earth houses are traditional homes built with soil
and wood as the outer envelope. The walls of these buildings are made of unsintered soil
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mixed with sandy clay at a certain proportion [19]. This type of wall preserves heat and
features good moisture buffering abilities [20,21]. Most houses in the area are one-story
bungalows, with tiles and other decorations on the walls. In addition, there are a large
number of brick buildings in the village, some of which are new projects built by villagers
self-renovating their own homes (see Figure 1). Others are two-story houses recently built
by government builders under the guidance of public policy. The typical layout is depicted
in Figure 2, where the courtyards are arranged in a relatively orderly manner, with minimal
deviation in the angles of the houses.

Figure 2. Floor plans and aerial views of exemplary buildings.

2.2. Questionnaires

This study was divided into two phases. The first was one questionnaire on thermal
comfort issues and one questionnaire on the current living conditions of the local population.
The second phase involved selecting local representative houses for onsite monitoring. The
former employed a census-style questionnaire, while the latter employed a questionnaire
tailored to match the actual testing conditions. Although the testing season remains
consistent, the questions themselves differ.

During the research period, 243 villagers participated in the completion of question-
naires. Approximately 53.27% of the population consists of males, while females account
for approximately 46.95%. Among them, around 40% of individuals are aged over 60. It
is worth noting that all respondents in the survey are free from significant ailments and
possess the ability to live independently. A total of 214 valid questionnaires were returned,
for a villager participation coverage rate of 88% (a level sufficient for sociological census re-
search). The main content of the questionnaire included five sections: (1) basic information
about the residents; (2) construction envelope; (3) conditions of heating, ventilation, and air
conditioning systems; (4) residents’ thermal sensation vote (TSV); and (5) residents” health
and hygiene conditions. Under the guidance of the local village committee, the research
team completed the questionnaire records within a week’s time. The onsite research is
shown in Figure 3.

(a) (b)

Figure 3. Local resident interview questionnaires and instruments. (a) Questionnaire interview and
specific instrument. (b) Field work diagram.
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At the same time as the sociological questionnaire was distributed, the research team
identified the physical parameters of the actual environment. Before the questionnaire
research began, temperature and humidity measurement instruments were placed to ensure
the accuracy of the instrument data. Subsequently, the questionnaire interviews began.

In February 2023, the team sampled 50 individuals in Datan village to conduct a
questionnaire survey on thermal comfort, which included an evaluation of the existing
environment and the effects of temperature steps on various parts of human body. The
outdoor temperatures during this study were all between —1 °C to 10 °C, the average
outdoor relative humidity was 55%, the BMI (Body Mass Index) were all between 19-25,
and the clothing worn was basically the same (cotton jackets, jumpers and cotton trousers).
The specific process was as follows and the operation is shown in Figure 3b:

(1) In the respondent’s home, turn on the temperature thermometer and place it at a
height of approximately 1.2 m (out of direct sunlight).

(2) After, the respondent rests for 5-10 min. Then, measure the body temperature of
respondent, the room temperature and humidity.

(3) Questionnaire interview about indoor environment.

(4) After remaining indoors for 2-5 min, respondents were asked to move outdoors for
10 min without changing their clothing.

(5) Questionnaire interview about outdoor environment.

The questionnaire included a basic physical description of the population and a general
assessment of the indoor environment (in Appendix A). The indoor and outdoor sections
of the questionnaire included the entire thermal sensation vote (TSV) of temperature steps,
as well as the thermal sensation vote (TSV) of various body parts and the thermal comfort
vote (TCV).

Following the completion of this survey, the research team utilized SPSS 26 for prelim-
inary questionnaire analysis. Subsequently, the obtained results were imported into Origin
2021 for the final processing stage.

2.3. On-Site Monitoring Method

Ubibot indoor monitoring instruments were selected for this study and carbon dioxide
sensor was connected for joint monitoring. The instrument can simultaneously monitor
temperature, humidity, indoor light conditions, and indoor carbon dioxide concentration.
The specific accuracy range can be seen in Table 1. This instrument can be connected to the
network by turning on the device, where it records those data to the online platform every
five minutes. This instrument sends reminders when the network is disconnected or data
are abnormal. Specific instrument parameters are shown in Table 1. Instrument parameters
are in accordance with the relevant standards [22,23].

Table 1. Parameters of the Monitoring Instruments.

Measurement Data and

Equipment Model Units Measurement Range Measurement Accuracy t/min
Temperature (°C) —20°C-60 °C +0.3°C 5

Ubibot GS1 AL4G1RS Relative Humidity (%) 10-90% +3%RH 5
Light (lux) 0.01 to 83K lux 2% 5
Carbon dioxide

RS485 CO, sensor concentration (ppm) 0~10,000 ppm £(30 ppm + 3%E.S) 5

(0-50 °C, 0-95% RH)

According to the interviews, local residents tended to spend the winter in traditional
earth houses and use coal stoves to heat their homes, some of which are connected to
traditional Chinese Kang. The kitchen space is often used for this custom throughout
the year, except in winter. However, due to the low winter temperatures, the lives of
the entire family were concentrated in the living room, with a coal stove to ensure the



Sustainability 2023, 15, 16428

6 of 24

necessary thermal comfort, as well as a fire for cooking and other activities. Toilets are
built outside due to the lack of sewerage. Even in the new two-story brick houses, there is
only a washroom inside. Interviews revealed that repeated travel between the indoor and
outdoor spaces during the winter months was a major problem. And the temperature steps
caused discomfort and potential health risks. To investigate the performance of different
housing types in low-temperature and high-humidity environments, and the relationship
between housing and thermal comfort, the team carried out onsite monitoring twice in
winter. The ideas are shown in Figure 4. The area is generally cool and has a high level
of radiation in summer, so that some residents still use Chinese Kang for heating in the
summer. Consequently, a third survey was conducted for the rooms previously monitored
during winter. In the course of this procedure, this study has collectively monitored
the specific allocation of primary utilitarian spaces in a total of 22 houses. The detailed
arrangement is as follows:

Determine the

current situation of Sort out the
local housing and status quo  of
the general living

conditions of local  dwellings
residents  through and formulate a
questionnaire monitoring plan

!

!

!

!

!

|
interviews | Tndoor
- | illuminance

|

|

|

\

First
monitoring
plan

Floor height

Double-storey brick house

Year of construction

‘Washroom, kitchen

monitoring

4
|
|
|
|
|
|
|
|
|
| Public building
\

Figure 4. Monitoring program development process.

The initial monitoring took place over a span of seven consecutive days, from 19 to
26 January 2022. Two typical building types in the village were selected for monitoring,
with the control groups being south-facing vs. non-south-facing, with heating vs. without
heating, and one story vs. two stories. Houses with different monitoring organizations and
representative rooms were sampled for instrument placement, under the guidance of the
villagers (see Table 2).

The second monitoring was carried out over a period of seven days from the 12" to
18t of February in the year 2022. Additional sampling efforts were undertaken specifically
targeting earth and brick houses with heating. Three houses with different envelopes and
orientations were selected as the focal points of our analysis (see Table 2).

The third phase of monitoring was conducted over a seven-day period from 229 July
to 29" of July in the year 2022. This particular monitoring endeavor targeted specific rooms
that were previously monitored in the initial monitoring.

Due to the fact that all local constructions are self-built, there is no specific provision
for insulation and moisture prevention. However, the general approach is similar, with
the window-to-wall ratio of the main-facing rooms kept within the range of 0.2 to 0.3.
Currently, the typical enclosure structure for earth houses consists of a 20 mm layer of
thatch, followed by 360 mm of adobe bricks, and another 20 mm layer of thatch. For
brick houses, the common practice for the enclosure structure involves a 20 mm layer of
cement mortar, followed by 240 mm of fired bricks, and another 20 mm layer of cement
mortar. During the monitoring and research process, indoor ventilation was restricted,
and mechanical systems were not employed, with only doors being opened for users’ life
regularly. The instruments were uniformly placed at a height of 1.2 m from the ground,
with no obstructions or direct sunlight.
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Table 2. Test Instrument Placement and Numbers.

Number of
Mapping People Room Duration of
Phase Location Sample Photo Instrument Placement Using the Size/m?2 Use/Years House No.
Room
South—facmg. room with 6 16 23 1
heating
Non-south-facing room
Earth with heating 4 14 23 E2
house .
South-facing room
without heating 3 1 30 E3
Non-south-facing room
without heating 7 15 40 E4
South-facmg room with 10 21 4 B1
heating
Non-south-facing room
Brick with heating 4 26 5 B2
house .
South-facing room
without heating 4 21 5 B3
N g reom : ; o
Phase 1 &
1st floor south-facing
ka;sctlz)ry room with heating 6 24 2 D1
2nd floor south-facing
house room without heating 0 15 2 D2
1st floor south-facing
New room with heating 3 26 3 D3
two-story 2nd floor south-facing
house room without heating 3 22 3 D4
Indoor washroom 3 3 W1
Washroom . .
(outdoor Hanging against the 5 23 w2
. wall
toilet)
Kitchen Kitchen in a earth 5 30 K
house
O
. . 4 23 10 EE1
South-fa}:;r;%iizom with 6 16 3 EE2
4 20 23 EE3
Earth
house Non-south-facing room 3 18 20 EE4
with heating 6 26 30 EE5
Phase 2 1 30 32 EE6
. . 3 20 6 BB1
South—fakclér;gt;i r1‘100m with 7 78 6 BE2
. & 4 24 10 BB3
Brick
house Non-south-facing room 2 23 14 BB4
with heating 5 12 7 BB5
6 26 3 BB6
Outdoor 00

Moreover, the heating method using Chinese Kang is challenging to control. During
the research period, the temperature was relatively low and coincided with Chinese holi-
days. To ensure stable residential heating, each household generally adopted continuous
heating throughout the day.

For the analysis of the measured data, a preliminary screening was conducted using
EXCEL, selecting reliable data from the same time period. The selected data was then
imported into SPSS 26 and Origin 2021 for further processing. SPSS 26 was utilized to
examine the correlation between temperature and humidity, and regression analysis was
performed with respect to temperature. Subsequently, the main findings of this study were
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presented through image processing in Origin 2021. The locations of the selected rooms are
as shown in Figure 5.

Brick house(Phasel)
Brick house(Phase2)
D Earth house(Phasel)
D Earth house(Phase2)
Double-story house
=0 Washroom

Figure 5. Floor plan of selected building test points.

3. Summary of Research Findings and Characteristics
3.1. Results of the Indoor Thermal Environment Study

After comparing the current state of affairs with the existing regulations concerning
public health in Table 3, it can be found that International Health Regulations [24] do not
specifically address residential buildings, but rather focus on regulations pertaining to
public structures. The ASHARE Guideline for the Risk Management of Public Health and
Safety in Buildings places a greater emphasis on the emergency functionalities and siting
of buildings [25]. Neither of the aforementioned regulations are applicable.

The WELL V2 standard provides detailed provisions for promoting healthy architec-
ture [26]. Therefore, this study compares the key provisions that are relevant and adaptable
to the current situation in rural China. The results show that the control of air quality has
generally been neglected, while the management of factors related to thermal comfort is
also lacking. The impact of noise must be duly acknowledged, and there is a notable dearth
in terms of the community’s conception of development. The buildings in this area are
in need of upgrading. Furthermore, the rural areas of Gansu Province encompass a wide
expanse and have a dense population [4], presenting ample opportunities for development.

3.1.1. Temperature and Relative Humidity Performance of Earth Houses

This study employs two different criteria to compare the variations in indoor tem-
perature and humidity of the buildings. Firstly, based on the ASHRAE 55.92 [27], the rec-
ommended indoor effective temperature during winter should range between 20-23.5 °C,
while during summer it is advised to be within 23-26 °C. The relative humidity should be
maintained between 30% and 60%. Secondly, in accordance with the Indoor Air Quality
Standard (China), temperature fluctuations should be within 16-24 °C, and relative humid-
ity fluctuations should be between 30-60% in winter. And in summer, temperature should
be within 22-28 °C, and relative humidity fluctuations should be between 40-80% [28]. Both
contrasting ranges have been indicated in the figure. In this regard, it is noteworthy that
the humidity requirements during the winter season in China correspond harmoniously
with the recommended guidelines stipulated in the ASHARE 55.92. Consequently, this
particular aspect has not been replicated within the depicted visual representation.
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Table 3. The overall condition of the rural areas’ house.

International Health
Regulations [24]

ASHARE Guideline
29-2019 [25]

WELL V2 Standard [26]

Guideline for the Risk
Management of Public
Health and Safety in
Buildings

Circumstances of Houses within This

This regulation does not
encompass provisions
regarding the hygiene

conditions of residential
buildings, but it places

greater emphasis on the
requirements for
facilities within public
buildings.

The requirements for the
indoor environment of
buildings in this
standard are unclear.
Specific requirements for
building envelopes
should be established to
regulate energy transfer
and minimize air and
vapor transportation.
Additionally, it is
recommended to provide
emergency and energy
storage systems.

Type Content Study
Those houses rely on coal stoves and
heated brick beds for warming purposes,
In the Fundamental Air Quality section, it resulting in significant air pollution. This
. . . / heating methodology deviates from the
is mentioned that projects must ensure standards of healthy constructions
the provision of air quality levels deemed . caity L
R . Durmg the monitoring process, it was
acceptable by public health authorities. observed that the local heated rooms
Air In the section dedicated to Implementing ffor £ Jation. leadi
Demand-Controlled Ventilation, it is S;e‘f; tggrﬁfe?s;?igﬁtgg(g};) xeiilem'Ig'hteO
specified that the indoor carbon dioxide in all th . h
concentration must be below 900 ppm in CO, content in all the monitored heated
g ZUUPP rooms exceeded 900 ppm. This represents
order to fall within the scoring range. . PP P
an average increase of over 300 ppm
compared to the outdoor carbon dioxide
concentration.
In the rural areas of China, it is possible
This endeavor necessitates the to cultivate all kinds of vegetables and
accessibility of an assortment of fruits other food products for personal
Nourishment and vegetables, while emphasizing the consumption, ensuring freshness and
importance of transparency in terms of promoting health. But according to
nutritional value. surveys, local residents have a habit of
consuming pickled vegetables.
Regarding the stipulations applicable to The local area experiences strong sunlight
residential premises, it is mandated that radiation, and the selected building
Light the extent of transparent envelope windows have an average transparency
glazing shall not be lesser than 7% of the of around 0.3, which generally meets the
total floor area. requirements.
As per the provisions of this regulation, it .
ispmandafed that both the cor%lmunity Under the impetus of the government,
and the interior of buildings allocate the rural areas of the region have all been
Movement e . & equipped with fitness apparatus. But
facilities for physical exercise, further their households lack the requisite
necessitating the engagement of residents X . e
in regular physical activities infrastructure for fitness facilities.
In the Thermal Comfort Monitors section,
it mandates the installation of a sensor on The placement positions of the
each floor at a minimum frequency of one . pracement p
per 325 square meters, with a placement instruments in this study all adhere to the
distance of no less than 1 m from the specified criteria.
primary heat or cold source.
Thermal In the Humidity Control section, It
Comfort stipulates that the relative humidity in Humidity control is rarely implemented
primary occupancy areas should be in the local area.
regulated within the range of 30% to 60%.
In the Individual Thermal Control
section, it requires the project to provide The local area lacks any measures to
individual thermal comfort control ensure this aspect.
devices or flexible dressing strategies.
Based on the survey results, the majority
of local residents have not implemented
It is required to take into consideration soundproofing facilities. Furthermore,
Sound the impact of noise on health, as well as the survey reveals that only 54.23% of
to implement measures for its control and individuals acknowledge that noise has
mitigation. not affected them personally. Many
residents perceive the impact of noise on
their well-being.
This provision dictates the imperative . .
. n§ed for stringent regulatign of The l(')cal' ma'terlals predommantl'y
Materials . ; comprise indigenous resources, with
hazardous substances inherent in s e ek R .
building materials minimal utilization of interior decoration.
Based on the interviews conducted, it has
Community: These three requirements encompass the been ascertained that the community in
Innova tion}s]" principles of communal co-creation, this area fosters amicable neighborly
Water ’ innovative design, and the assurance of relations, while the provision of water

water quality.

resources is uniformly managed through
municipal engineering projects.
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In the initial monitoring results (see Table 4), the earth houses without heating had
a slightly higher temperature, as evidenced by the south-facing E3 being greater than
the non-south-facing E4 (see Figure 6). Both featured a relative humidity of above 80%
and temperatures fluctuated at 0 °C. The indoor environment of the earth houses without
heating showed a distinctly low temperature and high-humidity environment which was
unsuitable for winter habitation.

Table 4. Descriptive Statistics for Temperature and Humidity in the Earth Houses.

Minimum Maximum Average Value Standard Variance
Value Value Deviation
Temperature (°C) 9.287785 16.051727 12.61588200 1729110480  2.990
El Relative Humidity (%) 37 86 49.19 4955 24.548
Temperature (°C) 7.063400 14.249256 10.18938402 1394559673 1.945
E2 Relative Humidity (%) 51 78 60.12 3971 15.767
Temperature (°C) —0.533684 1.808193 0.49046708 0530403608  0.281
E3 Relative Humidity (%) 81 91 88.15 2.490 6.199
Temperature (°C) 2029068 —0.733959 ~125271162 0377199255  0.142
E4 Relative Humidity (%) 73 81 7834 1.365 1.863

: ASHARE 55
,

Tndoor Air Quality Stanchard (Chuna)

|
Indooe Air Quality Seandard (Ching)
i
&5 |

ASHARE 58

Temperature (°C)

E4)

gy SANTRY

Indoor Air Qualey Stae

El ) ASHARE 55 <
2 30606

2022.01.19

2022.01.20

2022.01.21

202201.22  2022.01.23  2022.01.24  2022.01.25  2022.01.26

(@)

T T T T T T i
2022.07.22  2022.07.23  2022.07.24 ~ 2022.07.25  2022.07.26  2022.07.27  2022.07.28  2022.07.29

(b)

Figure 6. Temperature and Relative humidity of earth houses in one week. The recommended
temperature range for the ASHARE 55 standard is delineated in orange, while the humidity range is
delineated in blue. The temperature range specified by the Chinese Indoor Air Quality standard is
delineated in yellow, and the humidity range is delineated in light purple. As the humidity setting
for both standards is the same in winter, only one range is delineated. Additionally, the specific range
corresponding to each standard is labeled with text). (a) Temperature and RH fluctuation in winter.
(b) Temperature and RH (Relative Humidity) fluctuation in summer.

In contrast, the indoor temperature experienced a considerable rise and the relative
humidity exhibited fluctuations within the range of 30% to 60% with heating. This fulfilled
the pertinent criteria outlined in the standard for winter heating indoor parameters [28]. The
temperature and relative humidity during this phase were in line with the characteristics
of the earth house itself: superior moisture buffering abilities [20]. As depicted in Figure 6a,
none of the earth houses with heating reached the design values in the design standards
for heating temperatures, but the temperature in the south-facing E1 was slightly higher
compared to non-south-facing E2, and the relative humidity in the former was also more in
line with the design values. This indicates that the indoor environment can be effectively
enhanced by increasing the temperature of the room when the interior of an earth house
features a low-temperature, high-humidity environment.
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In addition, the graphical representation in Figure 6a showed that the temperature and
relative humidity of E1 and E2 were very similar to one another, which proves the effect
of the different orientations was not significant with heating. The overall temperatures
of the unheated rooms were similar to the outdoor temperature, and the temperatures
of south-facing rooms were slightly higher. Therefore, the building orientation had less
influence on the overall effect of the earth houses, but south-facing rooms still enjoyed
certain orientation advantages in Gansu.

In the summer, as shown in Figure 6b, the temperatures in Datan village are low
compared to the city and the climate is generally high-humidity. The envelope of the earth
houses were continuously damped due to the increased temperature. The entire relative
humidity inside the rooms was high, which in turn affects the room temperature. The indoor
temperature was lower than the outdoor temperature and slightly below the temperature
specified in the standards [28]. However, the relative humidity was within the standard
range [28] but higher than the outside relative humidity. In order to enhance comfort levels,
the relative humidity can be reduced by increasing ventilation [29]. However, the relative
humidity levels during the summer season still remain relatively elevated compared to the
recommended standards set forth by ASHRAE.

3.1.2. Temperature and Relative Humidity Performance of Brick Houses

The winter monitoring findings for the brick houses are shown in Table 5. According
to Figure 7a, there was a large difference in temperature between the south-facing D2
and the non-south-facing B3 and B4 without heating. Evidently, south-facing rooms were
significantly warmer than non-south-facing rooms. Specifically, the average temperature the
south-facing rooms stood at 4.96 °C, while the non-south-facing rooms was approximately
—3.29 °C during a week monitoring. There was little difference in relative humidity. The
average relative humidity of the south-facing brick houses was approximately 76%, while
the average relative humidity of the non-south-facing brick houses was approximately
70.82%, both showing high relative humidity. The brick houses had poor moisture buffering
abilities, and condensation occurred on the internal surfaces of the walls, resulting in higher
indoor humidity.

Table 5. Descriptive Statistics for Temperature and Humidity in Brick Farmhouses.

Minimum Maximum Standard

Value Value Average Value Deviation Variance
Temperature (°C) 5.276951 20.025177 12.42265321 3144733858  9.889
Bl Relative Humidity (%) 23 80 35.46 5.570 31.021
Temperature (°C) 1.276798 7.167545 410184646 1307188409  1.709
B2 Relative Humidity (%) 80 9% 90.84 2527 6.384
Temperature (°C) —1.219959 0.748074 029292286 0374274319 0.140
B3 Relative Humidity (%) 53 68 64.17 3.014 9.082
Temperature (°C) —1.382851 0.446327 —0.32932605 0.471483247 0.222
B4 Relative Humidity (%) 62 75 70.82 2.863 8.196
Temperature (°C) 3.036545 8.443962 496344065 1341701328 1.800
D2 Relative Humidity (%) 74 78 76.17 1.079 1.163

The south-facing B1 exhibited a considerable temperature difference of approximately
15 °C with heating. Relative humidity changes were closely related to temperature changes
and the humidity environment was better, within the design range [28]. In contrast, non-
south-facing B2 with heating not only exhibited lower temperature, but also its temperature
fluctuation was similar to the first floor south-facing D2 without heating. Notably, the
average relative humidity during the monitoring period was 90.84%, which was a rather
extreme indoor humidity environment. The high humidity environment can have an
adverse effect on heating in winter, thus demonstrating the importance of orientation for
brick houses with heating.
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Figure 7. Temperature and Relative humidity of brick houses in the monitoring week (RH: relative
humidity). (a) Temperature and RH fluctuation in winter. (b) Temperature and RH fluctuation in
summer.

The situation during summer is shown in Figure 7b. The difference in temperature
due to orientation is not significant. The brick houses’ temperature and relative humidity
fluctuations are within the standard temperature range [28], and the humidity levels were
influenced by the outdoor environment. It can be observed that the overall humidity levels
in the brick houses are relatively closer to the recommended range set forth by ASHRAE.
3.2. Comparison of Two-Story Brick Houses in the Village

The study also monitored two-story brick houses in different areas of the village. All of
the rooms were positioned in a southern direction D1 and D3 were heating with underfloor
heating, but their temperatures still did not reach the design value [28]. The second stories
of the buildings did not receive heating (see Figure 8) and the difference between them was
not significant. But in terms of relative humidity, D2 exhibited higher levels in comparison
to D4. It may be that the D4 building had been upgraded in terms of damp-proofing
technology.
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Figure 8. Statistical box of plots of temperature and relative humidity of kitchen and washroom in
winter. (a) Temperature in winter. (b) Relative humidity in winter.
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Aimed at lavatories, W1 and W2 showed a large difference in temperature. W1 was a
brick building on the outside, which showed high temperatures, due to its superior sealing.
W2 was an earth building which was less well sealed, so that its indoor environment
demonstrated no difference from the outdoor. This was also the case in K in the earth
envelopes.

It was clear from the analysis that the residents of earth houses experienced several
temperature steps during their indoor activities. According to previous research, higher
temperature steps had a more serious impact on people’s physical condition [30-32]. In
order to avoid higher temperature levels, residents in the earth houses investigated in
this research abandoned the function of rooms such as kitchen and chose to engage in
other activities in rooms with heating. Residents in the brick houses were less affected by
temperature steps and had a better overall functional utilization of their rooms.

4. Analysis of the Causes of High Humidity in Indoor Environments in Winter
4.1. Residential Monitoring Comparison

Under the heating condition, the difference in temperature of the south-facing brick
house B1 was huge, significantly higher than for E1, E2, and B2. Furthermore, the relative
humidity of B1 underwent considerable fluctuations. In the absence of heating, the distinc-
tion between the earth and brick houses in temperature was not significant, but the former
exhibited a slightly higher relative humidity. The difference in temperature in the earth
rooms experienced a gradual increase with heating, but it remained relatively stable. Con-
versely, the difference in the temperature of brick rooms increased more significantly (see
Figure 9a). The relative humidity in both the brick and earth houses improved significantly
with heating, although the design values were still not reached [28] (see Figure 9b).

With heating Without heating 55 50 100 5 With heating Without heating
ASHARE 55 T T T T T T T T T
22 U T T T T [__JOutdoor Environmeht T 20-23.5°C H %6
20 4 Naréso South-facing earth house 20°C
[ Non-south-facing earth house Indoor Air 904 Tt 90! -
South-facing brick house ‘Quality 26 3 88.15
18 Non-south-facing brick house T féﬂ""“a;ﬂ 3
;Two-smre south facing brick house -
16 ------- 16,05 - - - - - R e Atk e — 80 4 ' 80 80 81 o3 -
S ¢ 75 ﬂﬁ
14 1418 4 > [ - 2
- 70.82 -
1< 12 2,62 242 > 70 -
< 12 i £
S 10 101 e H P47 Le
= ] 9.29 ] S 60--1f--- =q----- R et L SR EEREEE R ~{60%
5 84 844 | T =
é‘ 7.06 747 P 53
e - > E .
s 6 528 = 50 HIERTEL Outdoor environment ASHARE 55
&= 1 - = E South-facing earth house Indoor A
44 7 (7] H Non-south-facing earth house ndoor Air
3.04 @ 40 e J Quality
South-facing brick house o
29 qm 108 TL81 7 37 H Non-south-facing brick house (China)
0 Eﬂ 49 0.74 45 ' Two-storey south facing brick house
] 05 oy é U»Z"E 03 1 30 - E— TR e A R —30%
1.43 E 1.25 =122 138
-2 4 2.03 B
—4 4.36, | 20 N | T
r T y iy y § y y y y T T T T T T T T T
60 R R Bl B2 R R4 B3 B4 D2 O RL R Bl B2 R3 R4 B3 B4 D2

(a) (b)

Figure 9. Statistical box of plots of temperature and relative humidity of all measured houses in first
monitoring. (a) Temperature of first monitoring in winter. (b) Relative humidity of first monitoring
in winter.

During the second monitoring period, measurements were taken focusing on the cases
with heating. According to Figure 10, neither the temperature nor the relative humidity
of earth houses were notably impacted by their orientation. And the average temperature
in the south-facing rooms being slightly higher than in the non-south-facing rooms. Their
temperatures were generally below the standard comfort temperature range and the relative
humidity was high but relatively stable in terms of variation. If heating was continued,
a more agreeable level of humidity could be attained. In the case of brick houses, they
experienced more considerable fluctuations in both temperature and relative humidity
compared to the non-south-facing rooms. The higher the temperature was, the greater the
humidity fluctuation range would be (Figure 10).
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Figure 10. Statistical box of plots of temperature and relative humidity of all measured houses in
second monitoring. (a) Temperature of second monitoring in winter. (b) Relative humidity of second
monitoring in winter.

4.2. Analysis of the Correlation of the Indoor Thermal Environment in Earth Houses

The different types of building temperature and relative humidity were analyzed
using SPSS 26. Regarding E4, the correlation between temperature and relative humidity
yielded a p-value > 0.05, indicating an absence of discernible correlation. This may show
that the non-south-facing earth houses without heating have stable relative humidity that
did not vary with temperature. But there was an obvious negative correlation between
the temperature and relative humidity in the south-facing earth houses. The reason of this
may be due to the sunlight radiation which caused a partial increase in temperature which
caused excess humidity to be evaporated (see Table 6).

Table 6. Temperature and Relative humidity Correlation Coefficients.

Room No.

E1 E2 E3 E4 B1 B2 B3 B4 D2

N
Pearson
Correlation
Sig. (bobtail)

2015
—0.156
0.000

2015 2015 2015 2015 2015 2015 2015 2015 2015
0.308 —-0.234 —-0.868  0.021 —0.092 —0.465 —0.519 —0.585 —0.789
0.000 0.000 0.000 0.351 0.000 0.000 0.000 0.000 0.000

This study elucidated the significance of the correlation coefficient between tempera-
ture and relative humidity. Positive values indicated that as temperature increased, relative
humidity also increased, with higher values denoting a stronger association. Conversely,
negative values indicated that as temperature increased, relative humidity decreased, and
as temperature decreased, relative humidity increased, with lower values reflecting a
stronger relationship. This value was therefore useful in helping to analyze the ability of
the walls in terms of moisture buffering.

Pearson’s correlation analysis using SPSS 26 of the daily mean temperature squared
and daily temperature and relative humidity correlation coefficient values revealed that the
data for the earth houses showed a significant correlation (p < 0.005). In contrast, no signifi-
cant correlation was observed in the data for brick houses (p = 0.981). Through Origin 2021,
a polynomial linear fit of the squared daily temperature values to the daily temperature and
relative humidity correlation coefficients for the earth houses was achieved. It showed that,
as the indoor temperature increased, the temperature and relative humidity correlation
coefficients initially decreased and then increased. Two segments of data were then fitted
linearly (see Figure 11), demonstrating that between —0.51 °C and 9.77 °C, the correlation
showed a negative value, indicating that lower temperatures were associated with higher
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relative humidity. In low-temperature, high-humidity environments, uncontrolled indoor
temperature can worsen the situation. Moreover, when air temperatures was greater than
9.77 °C, a positive correlation between temperature and relative humidity emerged. It was
a consequence of the full melting of the crystalline water in the envelope, which can cause
moisture releasing effect [33,34].
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Figure 11. Relationship between temperature and the correlation coefficients of temperature and
relative humidity.

5. Thermal Comfort of Residents
5.1. Thermal Sensation Vote (TSV) in Low-Temperature High-Humidity Indoor Environments

According to the American Society of Heating, Refrigerating and Air-Conditioning
Engineers (ASHRAE), thermal comfort was classified into seven levels: very cold, cold,
slightly cold, neutral, warm, hot, and very hot [35]. The results of this study were compared
to those provided by the village’s inhabitants, who rated the indoor environment during
the winter months on a seven-point scale. Respondents were grouped by age: the younger
group (18 to 44), the middle-aged group (45 to 60), and the elderly group (>60).

According to Figure 12, when considering the residential environment as a whole, the
majority of the residents perceived their indoor environment as relatively cold, and the
number of elderly who considered the indoor environment cold was the largest of the three.
However, when analyzing the data based on the type of building, the highest percentage of
the elderly group who perceived their environment as cold were residents of earth houses.
Conversely, the highest proportion of young group perceived the environment to be cold
in brick houses. This demonstrates that in brick houses, young residents are demanding a
higher quality of the living environment.
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Figure 12. Winter indoor environment perception results. (a) Thermal sensation vote. (b) Earth house.
(c) Brick house.
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In summary, the overall results indicate that the local heating facilities were inadequate,
leading to relatively harsh indoor conditions during the winter months.

The thermal sensation votes (TSV) from the 214 questionnaires were analyzed in
relation to the corresponding ratings, with each data point representing the average of
the TSV ratings at that temperature. The results then linearly regressed using Origin 2021
(p < 0.000). The slope of the resulting straight line represented the sensitivity of the pop-
ulation to temperature. The linear regression analysis of the thermal sensation votes of
the residents in the brick houses was not significant (p > 0.05). In contrast, the residents
in the earth houses showed a significant correlation, indicating that the residents in the
latter were more notably influenced by environment (see Figure 13). Through the regres-
sion simulations, the residents of the earth house reported a neutral thermal sensation at
temperatures approximately 22.5 °C.

Earth house

Brick house

04 Trendline (rammed earth house) TSV = 0.14T,-3.15, R== 0.64, p<0.05
95% Confidence Interval

Thermal sensation vote

T T T

0 5 10 15 20
Air temperature(°C)

Figure 13. Air temperature and TSV in earth versus brick houses.

5.2. Indoor-Outdoor Temperature Steps and Thermal Comfort for Residents

In the 2023 supplementary questionnaire, respondents were presented with four
choices to describe the impact of their living environment on their thermal comfort “no
impact, slight impact, impact, and significant impact”. Approximately 82% of the pop-
ulation chose that their living environment had a “slight impact” on their comfort. The
remaining 18% who reported an “impact” exclusively resided in brick houses. For the
indoor air quality, the options were: “—3 (very poor), —2 (poor), —1 (poor), 0 (fair), 1 (good),
2 (good), 3 (very good)”. As all the people in the sample use Chinese Kang and coal stoves
for heating, those who have lived in this environment for a long time generally rated the air
quality under heating conditions as “fair and good”. Those with a smoking habit generally
scored lower.

As can be seen in Figure 14a, the mean disparity in TSV among the earth houses resi-
dents are generally close to the entire TSV score after moving from the indoor environment
to the outdoor during the winter. The increase in temperature steps did not particularly
affect the increase in the difference in scores or bring about differences in the scores of body
parts. No significant associations were found when examining transient skin temperature
changes and TSV scores, which is consistent with the findings of existing studies [36].
However, the TSV of the body parts of the residents in brick houses varies considerably.
In particular, the difference in foot TSV was greatest for brick houses residents when the
temperature changed, and there was a more significant correlation with temperature vari-
ation (p < 0.05). The graph presented after linear regression analysis by Origin 2021 is
shown in Figure 14b. The difference in the evaluation of TSV in the foot increases with
the temperature steps. And it has been shown that there is a strong correlation between
foot temperature of healthy individuals and air temperature [37]. Supplementing heat to
the feet in cold conditions can significantly improve the body’s thermal comfort, so that
heating from the feet is essential in the transition spaces of the region [38].
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Figure 14. Relationship analysis between temperature steps and TSV. (a) Air temperature steps and
mean TSV. (b) Relationship between temperature steps and TSV in mean foot position.

Simultaneously, the questionnaire results showed no significant correlation between
changes in air temperature and changes in body temperature within 10 min. However,
some residents experienced an increase in temperature within ten minutes of entering
a colder environment. Residents of earth houses may have a correlation between their
body temperature difference and air temperature difference, with p = 0.074 close to 0.05. It
may be prudent to collect additional samples in subsequent stages to further explore this
relationship. Accordingly, this study compared the mean indoor-outdoor TSV and thermal
comfort vote (TCV) scores for the earth and brick houses with a small difference in the
mean indoor-outdoor temperature steps and the mean body temperature difference, as
shown in Table 7. It can be seen that almost all residents had lower TSV for their legs when
indoors. Although their TSV scores of foot were rated relatively high, their TCV scores
were in the lowest rating, which proves indicating a heightened need for temperature
regulation in their foot. The legs also showed the least change in TSV and TCV ratings after
going outside, which demonstrates that the legs are less sensitive than the foot and head.
Previous studies have shown that the legs experience the least cooling when confronted
with a drop in temperature [39]. It is worth noting that residents of earth houses show
greater sensitivity to large temperature steps in their heads than residents of brick houses.
This may be related to the relatively stable temperature and relative humidity of the living
in the earth houses. It has been shown that after prolonged exposure to cold stimuli, the
face took longer time to adapt to the cold compared to other locations, and after prolonged
exposure to cold air, people’s perception of cold changes decreased [40]. The sensitivity of
the earth house aborigines is more significant as they have lived in a stable temperature
environment for a long time and their facial adaptations are less well established. The
difference between indoor and outdoor temperatures in this study was greater than 5 °C,
and there was no significant change in the entire TSV ratings of the residents over a ten
minute period, which is a significant difference from existing research [41]. This may be
due to the fact that the local population has become acclimatized to such changes. However,
simulations of the difference in TSV of foot and temperature step curves show that the
conclusions of existing studies, in which temperature steps of 4 °C or less are sufficient for
the body to regulate itself, still apply [41].
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Table 7. Air temperature steps and Body temperature changes and mean score of TSV and TCV.

Mean Value of

Mean Value of TCV in Indoor

Mean Value of Mean Value of TSV in Indoor Environments

House Type Indoor Air Indoor Body Environments
Temperature (°C) Temperature (°C) Entire Head Legs Foot Head Legs Foot
gf‘r:ﬂigh)"use 15.368 36.463 0.000 0.211 ~0.053 0211 1.000 0.789 0.737
Frffl;i‘)ouse 13.765 36.468 0.290 0.323 ~0.161 0.129 1.097 0.032 -0.032
H ¢ Mean value of Mean value of Mean value of TSV in outdoor environments Mea?“ value ff TCV in outdoor
ouse type outdoor air outdoor body environments
temperature (°C) temperature (°C) Entire Head Legs Foot Head Legs Foot
F:S};;‘)"“se 4947 36.342 —0.684 —0.737 —0.632 —0.737 —0474 —0.447 —0.789
?;EI‘S?;’“S"' 4484 36,374 ~0.290 ~0.290 ~0452 —0.774 0.419 ~0.032 ~0516
Mean value of Mean value of body Diff_erence between indoor and outdoor Diffgrence between indoor and outdoor
House type temperature steps temperature environmental mean TSV environmental mean TCV
ntire ea egs oot ea egs oot
Q) changes (°C) Enti Head Leg F Head Leg F
F:r:ﬂigh)ouse 10.421 0.121 0.684 0.947 0.579 0.947 1.474 1.237 1.526
F;igi‘)"“se 9.281 0.094 0.581 0.613 0.290 0.903 0.677 0.065 0.484

According to the results of the 214 questionnaires, approximately 63% of the residents
of earth houses suffered from chronic diseases, whereas this percentage was approximately
50% for the residents living in brick houses. Cold stimuli could significantly boost subjects’
blood pressure [31,42]. The cardiovascular system has been shown to be sensitive to
temperature steps [43]. In this study, the kitchens and washrooms of the earth houses were
not heating and poorly sealed, resulting in a substantial temperature step compared to the
heating rooms. This may confirm that temperature steps can be harmful to health.

Additionally, it is worth noting that despite the high incidence of rheumatism in the
villages, the majority of residents in the follow-up survey were still dissatisfied with 55%
relative humidity and expected the environment to continue to become wetter. This also
reflected the fact that people’s adaptation and need for relative humidity has been increased
due to living in low-temperature and high-humidity environment for a long time.

6. Discussion and Limitations

There are numerous factors that contribute to the heightened indoor humidity lev-
els in the region during the winter season. Primarily, the influence of the moist outdoor
environment impacts the indoor atmosphere. The winter humidity in this area is rela-
tively elevated due to the close proximity of villages to mountainous terrain and rivers.
Consequently, the outdoor humidity during winter is greatly influenced by precipitation
and hydrological conditions. The impact of outdoor hydrological environment on indoor
buildings has been confirmed by multiple scholars’ investigations [44,45]. Most scholars
have discovered that water bodies possess the ability to reduce temperature and increase
the surrounding humidity [46,47]. In China, the majority of rural areas are built near water
bodies and surrounded by mountains and forests, which collectively contribute to the
overall increase in humidity. Moreover, the local winter temperatures, combined with
the absence of transitional spaces, prompt residents to seal their doors and windows for
thermal insulation, resulting in inadequate ventilation. According to previous research
findings, it has been shown that a lack of ventilation not only leads to increased indoor
humidity, but also makes it difficult to decrease the concentration of carbon dioxide indoors.
However, if the outdoor pollutants are excessively high, they can also impact the indoor
environment [48]. Additionally, the moisture transmission capabilities of natural earthen
materials diminish in lower temperatures, the wall has low thermal conductivity, and
high heat capacity and significant thermal mass effect the key element enabling thermal
stability [49]. Research has been conducted on the impact of temperature on humidity
migration for similar building materials. It has been suggested that when the heat transfer
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direction and moisture transfer direction are not aligned, it can lead to the evaporation of
water vapor within the material [50]. This aligns quite well with the findings of the present
investigation. Furthermore, this study has indicated that the addition of moisture barriers
significantly reduces their moisture transmission performance [51]. Thus, the rational
utilization of such materials in this region necessitates further exploration. The winter
lifestyle habits of the local population also impact the humidity environment; inadequate
ventilation also contributes to the retention of humidity [52]. Due to the lack of transitional
spaces, kitchens are predominantly underutilized, prompting residents to conduct their
daily activities within a single room. Consequently, the investigation of rational spatial
functionality allocation was imperative.

A summary discussion of the limitations of this study is also presented here. The
current research was unable to achieve absolute control over the dimensions and lighting
conditions of all buildings, resulting in some slight variations. Additionally, there are
inherent differences in construction techniques, which may have had a minor impact on
the monitoring results. However, the monitoring method employed in this study still holds
a certain level of universality and reliability in rural areas, making it suitable for studying
different types of buildings in low-temperature and high-humidity environments. On the
other hand, the regression simulation of the correlation coefficients between temperature
and humidity in this study is currently in line with relevant findings, yet further research
is needed for confirmation. In the investigation of thermal comfort, particular attention
should be given to gender differences, as well as the differences in thermal comfort between
individuals residing in low-temperature and high-humidity environments and those in
more human-friendly living conditions. It is also worth considering additional influencing
factors related to thermal comfort [53]. Future investigations could incorporate an inquiry
into PMV-PPD (Predicted Mean Vote-Percentage of Dissatisfied) and undertake a compar-
ative analysis. In addition, a well-maintained public hygiene environment is crucial for
the development of rural areas. In future research, more emphasis should be placed on
exploring the relationship between the architectural hygiene environment in rural areas
and people’s subjective perception and objective performance to develop strategies for
improving the overall living conditions in these areas.

7. Conclusions

This research reveals a common winter indoor environment in rural China charac-
terized by low temperature and high humidity. Insufficient attainment of the prescribed
standards for indoor environmental conditions can contribute to an increase in building
energy consumption. However, by effectively harnessing the inherent advantages of ma-
terials and enhancing the physical environment within the thermal context, the house
can significantly reduce the energy consumption associated with the construction. There-
fore, understanding the thermal performance mechanisms of different structural building
materials is of vital importance as it provides crucial baseline values for environmental
enhancement. In this study, monitoring of the indoor physical environment and a compre-
hensive questionnaire survey of an entire village population were carried out for 22 houses
and 214 questionnaires in the southern region of Gansu, China. Furthermore, a detailed
analysis of the environmental parameters and subjective questionnaires was conducted.
The conclusions drawn from this study are as follows:

This study established a comparison of the thermal environments of earth and brick
houses in areas characterized by low-temperature and high-humidity, finding certain
differences between them. Orientation has little effect on the thermal environment of earth
house compared to the brick houses, but a south-facing design remains a superior choice.
Brick houses had substantial differences between their south-facing and non-south-facing
rooms. In this study, the mean temperature of the south-facing rooms without heat was
4.96 °C, and of non-south-facing rooms, was —3.29 °C without heat for one week monitoring
in winter.
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The relative humidity of the earth houses remained high and was heated to stay in
a comfortable relative humidity range, with a negative temperature/relative humidity
correlation of approximately —0.51 °C to 9.77 °C. The indoor environment needs to be
heated when the envelope loses its moisture buffering ability when the temperature is
too low. Similarly, when the temperature is too high and the relative humidity rises,
damp-proofing, and ventilation techniques need to be used.

The relative humidity inside the earth houses is more stable and a regression model
can be built between TSV and temperature for long-term residents. And the residents in
earth houses are more sensitive to changes in temperature. According to the results of the
regression simulations, the residents of the earth house felt neutral at temperatures close to
225°C.

The residents of brick houses have a highly variable environment and their TSV is not
related to temperature alone. Their adaptability to temperature variations is higher. It is
more appropriate to heat the transition space in brick rooms from bottom to top, and the
temperature step between the transition space and the interior space should be controlled
within 4 °C in low-temperature high-humidity indoor environments.

This study explores the thermal comfort and building performance of specialized
indoor and outdoor architectural environments. Future research could focus on the dif-
ferences in the long-term health of residents compared to those residing in other types of
environments; there may also be differences in psychological health issues. Additionally,
further exploration of the relationship between indoor temperature and humidity could
potentially serve as a means of measuring the performance of building materials during
actual use.
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Appendix A
Indoor and Outdoor Comfort Survey.

Designation Age Gender Height (cm) Weight (kg)

Attire
description:

Predominant room type for daily habitation: a. Earth house b. Brick house

Heating

method:

Do you have any medical conditions? (Please

specify)
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Designation Age Gender Height (cm) Weight (kg)
To what extent
do you believe
your physical No discernible Slightly Profoundly
ailments are . Impactful 2 .
. effect 0 impactful. 1 impactful 3
influenced by
your living
environment?
Has the
DO}}:;; :;‘{e a consumption
A of alcoholic
inclination beverages led
towards a. Yes b. No to agny a. Yes b. No
consuming deleterious
alcoholic health
beverages? implications?
Do you have a I—{?)Z:igf
hiigi::i}ﬂ inhalation led
towards a. Yes b. No to any a. Yes b. No
deleterious
tobacco health
consumption? implications?
Please assess a. Optimal b. Albeit with C'ir':ﬂ;g?:s
your state of physical occasional harrﬁonious
bodily health well-being illnesses. existence
In the context
of winter
heating, please Poor quality o Slightly Slightly . Good quality.
assess the -3 Deficient —2 deficient. —1 Neutral 0 satisfactory. 1 Satisfactory. 2 3
indoor air
quality?
Present indoor Current body
. temperature of
temperature: the subject:
The.rmal Cold -3 Cool —2 Slightly cool Neutral 0 Stightly warm Warm 2 Hot 3
sensation vote -1 1
Overall Very Just
Thermal Uncomfortable Just Very
assei;sdn;zrrlt of comfort vote uncomfgrtable -2 uncorrlf?rtable comfortable 1 Comfortable 2 comfortable 3
environment: Thermal Very Just
acceptability unacceptable Unacceptable unacceptable Just acceptable Acceptable 2 Very
vote _3 -2 1 acceptable 3
Thermal . .
sensation vote Cold -3 Cool -2 Shghtj}{ cool Neutral 0 Shghﬂi’ warm Warm 2 Hot 3
for head
Thermal Very Just
comfort vote unacceptable Unacceptable unacceptable Justacceptable Acceptable 2 Ver)l;l
for head _3 -2 1 acceptable 3
Thermal Slightly cool Slightt
sensation vote Cold -3 Cool -2 18 7}17 coo Neutral 0 18 }17 warm Warm 2 Hot 3
for leg
Thermal Very Just
comfort vote unacceptable Unacceptable unacceptable Justacceptable Acceptable 2 Ver}};l
for leg _3 -2 ] acceptable 3
Thermal Slightly cool Slightl
sensation vote Cold -3 Cool —2 18 _}17 oo Neutral 0 18 i’ warm Warm 2 Hot 3
for foot
Thermal Very Just
comfort vote unacceptable Unacceptable unacceptable Justacceptable Acceptable 2 Veryl
for foot _3 -2 1 1 acceptable 3
Evaluate the
overall level of
humidity in Very dry —3 Dry -2 Just dry —1 Neutral 0 Just humid 1 Humid 2 Very humid 3
the current
environment
Evaluate the
level of air
freshness in Very stuffy —3 Stuffy —2 Just stuffy —1 Neutral 0 Just fresh 1 Fresh 2 Very fresh 3

the

environment
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Designation Age Gender Height (cm) Weight (kg)
Present indoor Current body
temperature: temperature of
’ the subject:
Overall Thermal Cold -3 Cool —2 Stightly cool Neutralg ~ Slighly warm Warm 2 Hot 3
assessment of sensation vote 1 1
outdoor Thermal . .
environment: sensation vote Cold -3 Cool -2 Shghil}l] cool Neutral 0 Shghﬂi] warm Warm 2 Hot 3
for head
Thermal Very Just
comfort vote unacceptable Unacceptable unacceptable Just acceptable Acceptable 2 Very
-2 1 acceptable 3
for head -3 -1
Thermal Slightly cool Slightt
sensation vote Cold -3 Cool -2 18 7}1] coo Neutral 0 18 }17 warm Warm 2 Hot 3
for leg
Thermal Very Just
comfort vote unacceptable Unacceptable unacceptable Justacceptable Acceptable 2 Very
-2 acceptable 3
for leg -3 -1
Thermal Slightly cool Slightl
sensation vote Cold -3 Cool -2 18 _}17 oo Neutral 0 18 i’ warm Warm 2 Hot 3
for foot
Thermal Very Just
comfort vote unacceptable Unacceptable unacceptable Justacceptable Acceptable 2 Veryl
for foot _3 -2 1 1 acceptable 3
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