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Abstract

The climate adaptation strategies employed by traditional folk houses provide a theoretical basis and experience for the
development of sustainable architecture. This study aimed to perform a quantitative analysis of the traditional Muya folk
houses in the Tibetan plateau, China. To understand the indoor building environment characteristics, variation rules, and
residents' thermal comfort in winter, a field investigation of traditional Muya folk houses was conducted, and its building
environment was evaluated by measuring indoor and outdoor environmental parameters. To evaluate the building
performance and environmental level for the whole year, this study also used software such as Ecotect, Grasshopper, Phoenics,
and TRNSYS to conduct numerical simulations on the model of the Muya folk house. The results show that the Muya folk
houses adapt to the local environment well, and the overall energy consumption of the traditional Muya folk houses was
lower than that of the modern construction techniques and materials. The research results provide theoretical support for

the design of vernacular architecture and new rural houses on the Tibetan plateau.
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1. Introduction

Energy consumption has been rising globally,!'! a large part of
which is related to the construction field.?! Extensive studies
have confirmed that the energy consumption of building
materials and buildings in the production and construction
process accounts for a large proportion of global energy
consumption. At the same time, greenhouse gas emsissions are
also extremely high.’] To alleviate problems such as energy
consumption, environmental pollution, and climate warming
caused by excessive greenhouse gas emissions, scholars have
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tried to use renewable and sustainable energy in buildings.
Passive solar building design plays an important role in
lowering costs and reducing energy consumption without
affecting modern living standards.™l.

Traditional folk houses are distributed around the world
and exhibit local architectural characteristics. They represent
a building type based on the needs of residents, using
traditional and local materials and construction methods.
Traditional folk houses fully exploit local building materials
and climate conditions, with good indoor thermal stability,
warmth in winter and coolness in summer, and low energy
consumption being typical climate-adaptive building
characteristics.®) In some areas, this low-energy passive
building design strategy has always been an indispensable part
of local buildings. Passive buildings save energy and achieve
sustainable development.[”) However, with urbanization and
the rapid development of construction technology, the natural
adjustment of traditional residential buildings and the
construction wisdom contained in them, such as climate
adaptation technology, have been gradually ignored.l®! At the

same time, the energy cost per unit area of rural housing in
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China has gradually increased by 3.4 times in past decades."!
In October 2021, the Communist Party of China (CPC)
Central Committee issued the Opinions of the CPC Central
Committee and the State Council on Fully, Accurately, and
Comprehensively Implementing the New Development
Concept and Doing a Good Job in Carbon emissions peak and
Carbon Neutrality, calling for the need to vigorously develop
energy-saving and low-carbon buildings and accelerate the
large-scale development of ultra-low energy consumption,
near-zero energy consumption, and low-carbon buildings. The
aim of the opinions was to comprehensively promote green
low-carbon building materials, promote the recycling of
building materials, and develop green rural residential
housing.['%!

Environmental adaptation methods are important for
sustainable architectural design. Firstly, architectural design
should adapt to the climate and culture. The ecological
wisdom and passive design concepts used in traditional local

buildings need to be inherited and applied to modern buildings.

Secondly, how to carry out low-carbon and energy-saving
architectural design is closely related to thermal adaptation. To
save energy used for heating and cooling, we can extend the
free operation mode (neither heating nor cooling).!'!]

the of
conservation, environmental

Therefore, from perspective sustainable

development, energy and
protection, reducing building energy consumption is of great
significance to achieving the goal of carbon emissions peak
and carbon neutrality. Protecting traditional folk houses as
well as learning and inheriting the green ecological wisdom
and climate adaptation technology contained in traditional folk
houses are effective ways to realize building energy
conservation and carry forward traditional architectural
culture.

To explore the green ecological wisdom and climate
adaptation strategies contained in traditional folk houses,
many researchers have focused on performing thermal
environment monitoring and numerical simulation.!'>2!1 At the
same time, scholars have summarized the thermal comfort
zone and thermal neutral temperature of different countries

and regions through research on thermal performance
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simulation and building design technology. Their aim has been
to reduce building energy consumption and put forward a local
adaptive coefticient.l?> 2l and put forward appropriate building
technology and optimization suggestions. 2728l

As a typical representative of the dwellings in the Tibetan
Plateau, Muya folk houses have unique cultural and
architectural features. They are mainly distributed at the
southeastern margin of the Tibetan Plateau, with an altitude of
1900-4000 m (averaged at 3100 m) and an average annual
temperature of 7.29°C. Solar radiation is strong throughout the
year with an intensity of ~6650 MJ/m? and the annual average
sunshine duration is about 2600 hours. Under such unique
geographical and climatic conditions, Muya folk houses
reflect thousands of years of construction skills. As passive
buildings, these houses do not use mechanical heating or
refrigeration. However, until now, the research on Tibetan folk
houses has mainly focused on culture and structure, and the
research and actual measurement related to the thermal
environment of Tibetan folk houses have been mostly carried
out in the Tibet Autonomous Region, Gannan region, and
Jiarong Tibetan region.-331 Research on Muya folk houses
has been relatively scarce, and most of the existing research
has focused on the cultural color, architectural space, and
architectural characteristics of villages.**41 There has been a
lack of systematic research on the quantitative evaluation of
the local residential building environment and its ecological
wisdom.

To better understand the building performance and
ecological adaptability of Muya folk houses, which has
inconvenient transportation, energy shortages, and unique
geographical and climatic conditions, how the local wood and
stone building technology can adapt to the local environmental
conditions should be analyzed. In this study, four typical self-
built Muya folk houses were selected as the research objects.
The building environment of Muya folk houses was evaluated
by measuring the environmental parameters that characterize
the building environment. At the same time, simulation
software such as Ecotect, Grasshopper, Phoenics, and
TRNSYS was used to evaluate the annual energy consumption
and ventilation of Muya folk houses. In addition, considering
the utilization of sustainable building technology, we also
propose the idea of using local traditional green building
technology as a plan to improve the building environment of
folk houses. The results of this study are conducive to a better
understanding of the ecological adaptability of such buildings
in high-altitude areas and can provide effective suggestions for
the energy-saving design of new residential buildings.

2. Materials and methods

© Engineered Science Publisher LLC 2023
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2.1 Overview of Muya folk houses

Muya folk houses have a history of one thousand years, and
they are generally three-story buildings. To adapt to the cold
climate in winter and maintain strong defense and load-
bearing properties, Muya folk houses often use relatively thick
external walls, usually about 600—1200 mm. The layout of the
houses is relatively simple. Most of the house plans are
rectangular (Fig. 1(a)) and L-shaped (Fig. 1(b)). The "L" shape
is more common, and the rectangular layout is mostly used for
some old folk houses with narrow land. The beam and column
systems of Muya folk houses are evenly and symmetrically
arranged. The overall elevation is trapezoidal in width from
bottom to top. In the functional layout, there are permanent
livestock pens and storage rooms on the ground floor of the
building, which are generally not used for daily living. The

second floor has a permanent reception room, bedroom, and
kitchen, and the third floor has a scripture hall. In the "L"
shaped plane layout, the scripture hall is often set on one side
of the "L"-shaped plane, which separates the scripture hall and
the living space from each other and takes into account the
unique position of the scripture hall.

The building materials of Muya folk houses are mainly
stone and wood, with mud and grass as auxiliary materials.
One of the typical characteristics is the use of different filling
materials. Muya folk houses usually contain mud and lonicera
rupicola above the floor and roof slabs (Fig. 2). This strategy
not only reduces energy consumption and costs but also
affords a good thermal insulation effect and improves the
indoor thermal environment.
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Fig. 1 Schematic diagram of layouts: (a) rectangular plane; (b)"L"-shaped plane layout.
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Table 1. Overview of measurement objects.
Folk house name Floor area (m?) Floor space (m?) Number of  Orientation Year of
floors construction

520 143 4F Southeast 800 AD
842 224 4F Southeast 1200 AD
777 284 3F Southeast 1992
661 231 3F Southeast 2010

Fig. 2 Characterlstlc ﬁlhng materlals of Muya folk house,
Lonicera Rupicola.

2.2 Building environment measurement

2.2.1 Measurement object
In this study, four typical Muya folk houses were selected for

4| Eng. Sci., 2023, 22, 845

testing, two of which have a history of more than 800—1200
years and represent the old Muya folk houses. The other two
residential buildings, built in the past 30 years, are
representative of the newly built Muya folk houses. The
corresponding profiles and parameters of the research objects
are shown in Table 1.

2.2.2 Measuring materials and methods

In this study, field surveys of indoor environmental quality in
winter and summer were conducted on the measuring objects
in January and July 2021, respectively. The objective
measurement aimed to quantitatively evaluate and analyze the
environmental conditions of the measured object. The
measurement parameters include the indoor and outdoor air
temperature, and relative humidity, which were acquired by a
self-recording instrument.

To measure the environmental indexes of different rooms,

© Engineered Science Publisher LLC 2023
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in the new folk houses, the actual measurement of the new
house was conducted for different functional rooms such as
the bedroom, living room, and kitchen. The measuring points
are shown in Table 2. As the partition walls of the old houses
have been partially demolished, the measurement of the old
residential buildings in this study was carried out through the
uniform distribution of points. During the field measurement,
multiple measuring points were set on each floor to improve
the accuracy of the measurement. When setting the measuring
points, we first used the mutually perpendicular auxiliary lines
to divide the plan equally and marked the staggered points
with the numbers 1, 2, and 3... N. During the test, we took the
position 1.1m high in the vertical floor direction above each
measuring point for measurement. This height represents the
forehead height under the average sitting posture of Chinese

residents,*'! and the measuring points on each floor

correspond to each other.

2.3 Building performance simulation
The building performance simulation used computer
mathematical models created based on basic physical
principles and reasonable engineering practices to replicate
various aspects of building performance.*’! In addition to the
field measurement of the four research objects, we used the
method of building performance simulation to simulate the
thermal, and wind environment to supplement the field
measurement and enrich the research content. At the same
time, the building performance simulation complied with
relevant standards such as the Standard for Green Performance
Calculation of Civil Buildings (JGJ / T 449) and the previous
studies of other scholars.[*344]

Table 2. Distribution of measuring points.
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2.3.1 Parameter setting

(1) Environmental conditions

To simulate the thermal environment of residential buildings,
it is necessary to use climatic parameters such as the outdoor
temperature and humidity of the local area. In this study, the
meteorological data detected by meteorological stations in
China and meteorological parameters in the meteorological
parameter standard for building energy conservation were
used for setting the outdoor parameters.[*)

(2) Enclosure parameters

After the model had been established, the structural
parameters of exterior walls, interior walls, roofs, floors,
windows, and other enclosure structures were set in the
software. We set them according to the structural levels of each
enclosure structure in the simulation object. Among them, the
structural practices of the two old houses and the two new
houses were different. The structural practices of the new and
old houses were compared as follows (Fig. 3). Table 3 shows

20mm Pine board
200mm Coarse Soid

pe: 50mm Lonicera rupicola
20mm Pine board

0ld house

- B00-800mm Rubble wall

0O1d house

(b)

Fig. 3 Comparison of construction practices between old and new Muya folk houses: (a) Roofs; (b) Walls.
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the structural levels and corresponding thermal parameters of
the enclosure structure.

(3) Indoor parameter setting

In addition to setting the parameters of the environment and
the enclosure structure, we also set the indoor environment
according to the actual situation. In fact, each house above
corresponds to a family, and each family has five permanent
members. Based on the local daily life and sleep habits, the
residents have the largest number of people at 8:00-9:30 in the
morning, 12:00-13:30 in the afternoon, and 18:00-19:30 in
the evening, and the minimum number of people at other times
was 0. For each person with mild activity, the heat release was
set to 75 W, and the lights were turned on during 7:00-8:00 in
the morning and during 18:00-23:00 in the evening. In
addition, the working time and power of other equipment were
subject to the actual situation. At the same time, the following
assumptions were also made during parameter setting:

a. The density, specific heat capacity, and heat transfer

~—— B00mm Coarse Soil
50mm Lonicera rupicola
——— 20mm Pine board

New house

600-800mm Rubble wall

30mm Clay with
wheat straw

20mm Pine board

New house
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Table 3. Structural levels and parameters of enclosure structure.

Room name  Construction The thickness of ~ Material Dry density Thermal Specific heat
structural layer (Inside- po (kg/m3F conductivity capacity
(mm) Out/Bottom-Up) MW/ (m-K)] C[kJ (kg'K)]
Exterior wall 800 Stone Wall 2800 3.49 0.92
Floor 1000 Compaction of clay 2000 1.16 1.01
20 Pine board 500 0.14 2.51
Storage 60 Lonicera rupicola 216 0.041 2.01
room Floor slab 30 Dirt 1800 0.93 1.01
20 Pine board 500 0.14 2.51
Exterior wall 800 Stone Wall 2800 3.49 0.92
20 Pine board 500 0.14 2.51
20 Pine board 500 0.14 2.51
Bedroom 60 Lonicera rupicola 216 0.041 2.01
Floor slab 30 Dirt 1200 0.47 1.01
20 Pine board 500 0.14 2.51
Interior wall 20 Pine board 500 0.14 2.51
Exterior wall 800 Stone Wall 2800 3.49 0.92
20 Pine board 500 0.14 2.51
Floor slab 60 Dirt 1800 0.93 1.01
Bathroom 20 Pine board 500 0.14 2.51
Interior wall 370 Brick wall 1900 1.10 1.05
20 Pine board 500 0.14 2.51
Exterior wall 800 Stone Wall 2800 3.49 0.92
20 Pine board 500 0.14 2.51
20 Pine board 500 0.14 2.51
Living 60 Lonicera rupicola 216 0.041 2.01
room Floor slab 30 Dirt 1200 0.47 0.93
20 Pine board 500 0.14 2.51
Interior wall 20 Pine board 500 0.14 2.51
Exterior wall 800 Stone Wall 2800 3.49 0.92
20 Pine board 500 0.14 2.51
20 Pine board 500 0.14 2.51
60 Lonicera rupicola 100 0.047 2.01
Parlor Floor slab 30 Dirt 1200 0.47 0.93
20 Pine board 500 0.14 2.51
Interior wall 370 Brick wall 1900 1.10 1.05
20 Pine board 500 0.14 2.51
20 Pine board 500 0.14 2.51
The roof 60 Lonicera rupicola 100 0.041 2.01
600 Dirt 7850 58.2 0.48

coefficient of the enclosure were regarded as constants.

b. Walls, window glass, and floors were considered uniform
and isotropic.

c. The temperature of the vertical enclosure structure was
considered uniform along the vertical direction.

d. The influence of the thermal bridge of the model was
ignored in the simulation.

2.3.2 Thermal environment simulation
Over the past 60 years, researchers have developed various

© Engineered Science Publisher LLC 2023

energy simulation models, such as mono-zone models, multi-
room models, zonal models, computational fluid dynamics
(CFD) models, and multi-zone models to reduce the building
energy consumption through a whole-building simulation
program. Energy simulation software, such as EnergyPlus,
Espr, and Transient System Simulation Tool (TRNSYS), are
powerful tools that can be used to predict the energy
performances of buildings (e.g., heating, cooling, and artificial
lighting).l*)  TRNSY'S
simulation program developed by the University of

is an open-source, menu-driven

Eng. Sci., 2023, 22, 845 | 7
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Wisconsin—Madison, which includes an extensive material
library compared to other similar building simulation tools.*)
The extensive material library and detailed scheduling
capabilities of TRNSYS make it possible to model new and
complex building technologies located in any part of the world
that cannot be modeled by other whole-building energy
simulation programs.l“*#) At the same time, many scholars
have studied the performance of TRNSYS and determined that
it has excellent accuracy in simulating building energy
consumption, its calculation times are shorter than those of
most other software, and it is easy to use.!*>5!

In terms of thermal environment simulation, Grasshopper
and TRNSYS software were used to establish the simulation
models (Fig. 4) and simulate Muya folk houses built in
different construction methods, mainly to simulate their
indoor thermal comfort and thermal load, and to compare and
analyze the results. Among them, Grasshopper analyzes
indoor thermal comfort through the indicators of the predicted
mean vote (PMV) value and indoor dissatisfaction percentage.
TRNSYS analyzes the energy consumption of different
practices and different houses by simulating the heat load
consumed by the rooms for 8,760 hours of the year.

2.3.3 Indoor ventilation simulation

Phoenics was mainly used to simulate indoor ventilation status.

From the perspective of fluid mechanics, the speed, direction,
and state of the indoor airflow were expressed through the
airflow. According to the indoor conditions of the residential
buildings, the indoor ventilation environment was established
and simulated in the software.

2.3.4 Model verification

To verify the building environment simulation model, before
the simulation analysis, the measured data was selected in
winter to compare with the simulated data. The comparison

between the simulated data and the measured data is shown in
Fig. 5. The normalized mean deviation error (NMBE) and the
coefficient of variation (CV) of the root mean square deviation
error (RMSE) were used to evaluate the agreement of the
NMBE. The NMBE value indicates the presence of systematic
error or bias, while CV (RMSE) is a strong indicator of
simulation accuracy.’2 NMBE and CV (RMSE) are defined as
follows:

NMBE(%) = 2=t 5 L 5 100 1)
n ot 2
CV(RMSE) (%) = [2=Cotm) Ly 100  (2)

where the tj, is the calculated temperature at the time of node
i, tim 1s the measured temperature of node i, ti, is the arithmetic
mean of m measurement data point samples, and n is the
number of measured data points during the monitoring period.
According to the above formula, the NMBE and CV (RMSE)
values were lower than the specified maximum value (25%).
Therefore, the NMBE and CV (RMSE) parameters verify the
effectiveness of the model in calculating the thermal and
humidity characteristics of Muya folk houses, indicating that
the model can accurately reflect the thermal and humidity
environment of Muya folk houses in the natural state. Through
this model, we could analyze and discuss the thermal
environment optimization design of Muya folk houses in the
next step.

3. Results and discussion

3.1 Analysis of measured results

3.1.1 Analysis of measured temperature

According to the test data, we drew the temperature change
curves of each measuring point during the test (Fig. 6). The
average temperature (T,y), the maximum temperature (Tmax),
the minimum temperature (Tmin), the maximum temperature
difference (Tq), and the data variance (D) of each floor or room

©)]
Fig. 4 Muya folk houses: (a) original building model; (b) building simulation model.

8| Eng. Sci., 2023, 22, 845

© Engineered Science Publisher LLC 2023



Engineered Science

Research article

12t (a)

l'emperature (°C7)

Measurement data of living room
Simulation data of lving room

]

‘] i i i i
0000 0300 OO O 12200 15:00 1500 21040 (000

[Tme

Measuremient dala of hedroom
Simulation data of badroom

©

e gy

lN'emperature (7C7)

0000 03000 (ki 000 1 2:000 15:000 135000 21080 (d:00

[tme

15
- ,
_ 12 (b) o
¥ &
o 5
E o oy .J'Ilr —i,
= o
o \ r
% [‘l' . d
o
3t . ata off
Mensurement data of parlor
Samulation data of parlor
‘] i i I i i i i I i
0000 03000 (0l 00 122000 15000 15:000 2100 000
[ime
15

l'emperature (7C)

b

(d)

3t .\,_

v ’

Measurement data of courtyard
Sumulation dala of courtyard

: "\

[tme

1; Il 'l i I
0000 03000 (k0 00 1 2:000 15000 135000 21080 (d:00

Fig. 5 Comparative analysis of measured data and simulated data: (a) Living room; (b) Parlor; (¢) Courtyard; (d) Bedroom.

of the four residential buildings were calculated (Table 4). than that of the new residential buildings.

From the test results, the average outdoor temperature is 1.2°C,
and the minimum temperature is —8.8°C, which occurs around
8:00-9:00 in the morning; The maximum temperature is
16.5°C, which occurs around 15:00-16:00 in the afternoon.
The temperature difference between day and night is large, and
the daily temperature fluctuation range is 25.3°C. The average
temperature of each room in the two old residential buildings
is 4.9°C and 6.2°C, respectively, and the average temperature
of each room in the two new residential buildings is 6.2°C and
7.1°C, respectively.

According to the outdoor temperature statistics above, the
temperature changes greatly during the day and at night, the
temperature is high during the day, and the temperature drops
sharply at night.

From the temperature change comparison curves, the
internal thermal environment of each residential building is
affected by the outdoor temperature and has a positive
correlation with the temperature change of the external
environment, but the degree of change is different. From the
range of temperature fluctuation, the indoor temperature of the
old residential buildings is more affected by the outdoor
temperature than that of the new residential buildings, and the
indoor temperature of the old residential buildings is lower

© Engineered Science Publisher LLC 2023

Table 4. Temperatures of measuring points in Muya folk houses

(°C).
Measured  Measured  Tmax Tmin Tav Tq D
object position
Floor 1 8 1.9 4.8 6.1 1.9
Luozhu's Floor 2 7.1 2.5 4.7 4.6 1.3
old house  Floor 3 8.6 2.9 5.1 5.8 1.7
Floor 4 10.5 —4.1 1.6 14.6 5.5
Floor 1 11.4 32 7.1 8.2 2.8
Niumai’s Floor 2 9.8 1.2 5.5 8.6 2.7
old house  Floor 3 10.4 1.7 6.1 8.7 3.1
Floor 4 12.1 —6.8 0.9 18.9 7.0
Living 5.7 3.9 5.1 1.8 0.5
room
Wanggqiu’s  Kitchen 15.7 33 9.6 12.4 4.5
house Living 10.6 53 7.9 53 1.7
room
Bedroom 6.8 5.7 6.4 1.1 0.3
Yard 16.5 -8.8 1.2 25.3 9.2
Living 6.3 4 53 2.3 0.8
Niumai’s room
new house Living 8.6 43 6.3 4.3 1.4
room
Kitchen 15.8 3.6 9.5 12.2 4.7
Bedroom 7.3 4.7 5.8 2.6 0.8

Eng. Sci., 2023, 22, 845 | 9
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Fig. 6 Temperature change of measuring points: (a) Luozhu’s old house; (b) Niumai’s old house; (¢) Wangqiu’s house; (d) Niumai’s

new house.

It can be seen from the curve changes of Figs. 6(a) and (b)
that the temperature change trend of each floor of the two old
houses is consistent, the temperature of the first to third floors

is close, and the indoor temperature uniformity is good. In Figs.

6(c) and (d), the temperature fluctuation of bedrooms, living
rooms, and other rooms in the new residential houses is small,
and the temperature fluctuation is less than 1°C, indicating that
the thermal stability of bedrooms and living rooms is good.

3.1.2 Relative humidity analysis

Figure 7 shows the humidity change curve of each measuring
point during the test. The humidity changes with the change in
temperature, and the changing trend is inversely related.
During the day, the highest humidity occurs between 8:00—
9:00 in the morning, and the lowest humidity occurs between
14:00-15:00 in the afternoon. Among the rooms, the relative
humidity of the living room and the bedroom changes the least,
followed by the living room and the hallway, and the kitchen
humidity changes the most. At the same time, it can be seen
from the test results that the indoor relative humidity of the
two old houses varies from 23.4% to 75.8%, and the average
relative humidity is 58.72%. The indoor relative humidity of
new residential buildings varies from 18.8% to 68%, and the

10| Eng. Sci., 2023, 22, 845

average relative humidity is 47.14%. The relative humidity of
the new folk houses is about 10% lower than that of the old
folk houses. The main reason is that the doors and windows of
the old folk houses are small, the indoor sunshine is less, the
indoor temperature is low, and the indoors is humid. Second,
there is no height difference between the indoors and outdoors
of the first floor of the old residential building, and water
easily seeps through the soil, which makes the indoors more
humid. Another factor is that the ventilation of the old
residential buildings was worse than that of the new residential
buildings, and the indoor humidity was higher, which was
found in the survey.

3.2 Analysis of simulation results
3.2.1 Analysis of thermal comfort
For the simulation analysis of the thermal environment, Fig. 8
reflects the thermal comfort simulation results of the research
object. The simulation results are presented by the evaluation
index PMV of the human thermal response.l*’] Second,
according to the PMV value obtained by the software
simulation, we conducted a statistical analysis of the PMV
score for the whole year.

In 8,760 hours a year, the predicted thermal evaluation of
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new house.

Luozhu’s old house and Niumai’s old house, Luozhu’s old
house has a moderate thermal environment 22.7% of the time,
and Niumai’s old house has a moderate thermal environment
73.9% of the time. Moreover, 77.3% and 26.1% of the year,
the houses are rated as slightly cold or slightly hot. There was
no evaluation of overcooling or overheating during the year.
In the predicted thermal evaluation of the two new residential
buildings, Wangqiu’s house has a suitable thermal
environment for 69.1% of the year, and Niumai’s new house
has a suitable thermal environment for 27.7% of the year. The
houses are slightly cold or hot for 30.9% and 27.7% of the time,
respectively, with neither being too cold nor too hot during the

year.

3.2.2 Energy consumption analysis

In order to evaluate the energy consumption characteristics of
Muya folk houses, the cumulative heat load was used as the
analytical index, and TRNSYS software was used to establish
a building simulation model. Owing to the local special
geographical and climatic characteristics, the weather is cool
in summer and cold in winter, and there is no need for cooling

© Engineered Science Publisher LLC 2023

in summer. Therefore, we focus on the analysis of heat load
during the heating season (October to April of the following
year).

It can be seen from Fig. 9 that with the change of time, the
building heat load gradually increases as it approaches the
autumn and winter seasons, and reaches the maximum in
January, followed by December and February. The minimum
is in April. Fig. 9 shows a comparative analysis of the total
cumulative heating load of each building during the simulation
period. The maximum heating load of each building is as
follows: Luozhu’s old house, 17.5 kW; Niumai’s old house,
24.3 kW; Niumai’s new house, 20.5 kW; and Wangqiu’s house,
25.2 kW. Fig. 10 displays a comparison of the heating load of
the residential buildings adopting the modern construction
method and traditional construction method in the Muya area
in winter. From the calculation results, the cumulative heat
load of the old Muya folk houses is higher than that of the new
Muya folk houses but lower than that of the buildings
constructed with modern common construction methods, and
the energy consumption can be reduced by about 44.5-66%.
Therefore, the traditional construction method of Muya folk

Eng. Sci., 2023, 22, 845 | 11
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Fig. 8 Analysis chart of annual thermal comfort evaluation: (a) Luozhu’s old house; (b) Niumai’s old house; (¢) Wangqiu’s new

house; (d) Niumai’s new house.

houses is more conducive to energy saving than the building
construction method of a modern reinforced concrete frame
structure. Among them, the energy efficiency of the new Muya
folk houses is better.

3.2.3 Ventilation analysis
For the wind environment, Phoenics software was used to

12| Eng. Sci., 2023, 22, 845

simulate the indoor wind environment. The simulation results
of the indoor air environment of Muya residential buildings
are shown in Fig. 11. The indoor airflow on each floor of
Luozhu’s old house and Niumai’s old house is poor, and the
airflow velocity in most areas of the room is less than 0.3 m/s.
The ventilation effect of the two new houses is better than that
of the old houses. Outdoor air flows into the living rooms,
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kitchens, and bedrooms on the second and third floors, and the
indoor air velocity reaches 0.2—0.7 m/s. The ventilation of old
houses is worse than that of new houses, but the indoor
ventilation of both needs to be improved to help create a
suitable living environment.

3.3 Discussion on the utilization of climate adaptive
technology in Muya folk houses

509 Modem construction method of Luozhu's old house
Traditional construction method of Luozhu's old house

(a) Modern construction method of Niumai's old house
500 Traditional construction method of Niumai's old house

Modem construction method of Wangqiu's house
Traditional construction method of Wangqiu's house
Modem construction method of Niumai's new house
Traditional construction method of Niumai's new house

o 2 S
= > >
(=] =] =]

Cumulative heating load (kW-h/m?)
=
o

Luozhu's old house Niumai's old house ~ Wanggiu's house ~ Niumai's new house
Fig. 10 Comparison of the thermal load of residential buildings:
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3.3.1 Application of featured materials

For the utilization of the characteristic materials of Muya folk
houses, our research group conducted experimental tests on
the rock-grown lonicera rupicola laid on the floor and roof.
The test found that the heat transfer coefficient of rock-grown
lonicera rupicola with a density of 216 kg/m*® was 0.041
W/(m-K).5* The thermal conductivity is similar to that of
commonly used thermal insulation materials. Through the
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(a) Comparison of energy consumption of different construction
methods; (b) Comparison of monthly energy consumption of different construction methods.
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Fig. 11 Analysis of indoor ventilation: (a) Luozhu’s old house; (b) Niumai’s old house; (c) Wanggqiu’s house; (d) Niumai’s new house.

comparative analysis of the accumulated heating load under
the different thicknesses of lonicera rupicola (Seen in Fig. 12),
it can be found that the material commonly used in the Muya
area has a better energy-saving effect. In addition, other
characteristic materials architectural coatings
commonly used in the area are also derived from local natural
minerals and plant materials. The use of this series of featured
materials is both environmentally friendly and cost-effective.

such as

600
] 50mm Stone, 250mm Autoclaved acrated concrete, 20mm Pine board
=] 800mm Stone, 60mm Lonicera rupicola, 20mm Pine board
% B00mm Stone, S0mm Lonicera rupicola, 20mm Pine board
500 F =

800mm Stone, 20mm Lonicera rupicola, 20mm Pine board
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Cumulative heating load (kW-h/m?)

Luozhu's old house Niumai's old house

Wanggqiu's house  Niumai's new house
Fig. 12 Comparative analysis of the accumulated heating load
under the different thicknesses of lonicera rupicola.

3.3.2 Solar energy utilization

The number of window openings in the old Muya folk houses
is small in number and area. Owing to the thick walls and deep
penetration, the buildings have poor ventilation. However,
through the simulation and comparison of the ventilation of
the Muya folk houses, we found that the indoor temperature of
the old folk houses was lower than that of the new folk houses.
Except for the differences in construction practices, the

14| Eng. Sci., 2023, 22, 845

number and area of windows in the new folk houses were
larger than that of the old folk houses. The locality was a high-
altitude area with sufficient sunlight and high solar radiation
intensity, and proper window opening was conducive to
daylight and increasing indoor temperature. Therefore, the use
of solar energy in passive buildings plays an important role in
improving the indoor thermal environment in winter and is an
effective strategy for residential construction and sustainable
energy utilization in high-altitude areas.

3.3.3 Natural ventilation

It could be seen from the measured data that during the day,
especially from 12:00-18:00 pm, the outdoor temperature was
basically higher than the indoor temperature of each room.
Natural ventilation is formed by the combined action of heat
pressure and wind pressure. Owing to the temperature
difference between indoor and outdoor air, hot-pressure
ventilation is formed. At the same time, wind pressure
enhances the effect of indoor natural ventilation. Properly
increasing the number of window openings and the area of
window sashes is not only conducive to the utilization of solar
energy but also to the improvement of indoor ventilation and
the thermal environment.

4. Conclusions

Muya folk houses are typical traditional wood and stone
buildings and are located in a special area and climate. They
use distinctive craftsmanship and materials, and carry
thousands of years of minority culture, making them
extremely valuable for research. Taking four new and old
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Muya folk houses as the research objects, our study used the
method of combining field measurements and a numerical
simulation to quantitatively analyze the architectural
environment. Firstly, 70% of the year was thermally
comfortable, and the thermal comfort of new folk houses was
higher than that of old dwellings. Secondly, the one-year heat
load of the new Muya folk houses was lower than that of the
old folk houses, but the overall energy consumption of the two
Muya folk houses was lower than that of the modern
construction techniques and materials. The heat load
consumed is conducive to promoting low-carbon construction
and energy conservation and emission reduction. In addition,
although the thermal environment met the relevant standards,
the indoor light environment and wind environment problems
still need to be solved. Finally, the idea of strengthening
passive solar energy utilization and enhancing natural
ventilation is proposed as a strategy to improve the
architectural environment of traditional Muya folk houses.
Traditional buildings on the Qinghai-Tibet Plateau have taken
the initiative to cope with regional characteristics such as
extreme climate, fragile environment, and limited technology
in their construction activities, and have developed profound
green construction wisdom. In future studies, the value and
enlightenment of traditional architecture will be found more,
and the inheritance and renewal of traditional green design
principles will be explored in the design practice of new
buildings, which will contribute to the further development of
green architecture and the integration and innovation of
regional characteristics and green technology.
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