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The thermal adaptation of buildings and their residents is important in extreme cold climates for energy-
saving building design. A thermal measurement and a thermal comfort survey were conducted in tradi-
tional houses during the winter in the extreme cold climate of the Himalayan region of Nepal.
Measurements were taken in 9 houses over 7 days to assess the thermal environment. Thermal comfort
surveys were conducted over 4 days, and a total of 1,584 thermal responses were gathered from 36 res-
idents. Passive heating effects were found in houses with thick brick walls and mud roofs. Residents of
these houses were highly satisfied with the thermal environment, with 10.7 �C being the mean comfort
temperature, which was related to the indoor temperature of the investigated indoor spaces. It can be
concluded from these findings that people are well adapted to the thermal environment of traditional
vernacular houses, as a result of which the comfort temperature is lower than the thermal comfort stan-
dards. Consequently, a significant amount of energy can be saved by passive building design and lowering
the indoor temperature setting for heating.
� 2020 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

1.1. Overview

The traditional vernacular buildings and lifestyle are well
adapted to its climate and culture. When the climatic conditions
are extreme, thermal adaptation of buildings and people are per-
formed to achieve thermal comfort. The extreme cold climatic con-
ditions, which are the focus of this study, necessitate specially
adapted buildings, which incorporate a variety of passive heating
methods designed to render indoor environmental conditions
and temperatures thermally comfortable. People also adapt beha-
viourally, physiologically, and psychologically to achieve thermal
comfort [1,2]. The indoor environment is related to the outdoor
environment, especially in the free-running mode [3], and the
indoor environment is affected by the design of the building and
its use. If people are uncomfortable, they change their indoor envi-
ronmental conditions (e.g., by closing windows) and their own
behaviour (e.g., by wearing thick clothes) [4]. To successfully
design for comfort in a free-running, low-energy building requires
an understanding of the three-way interaction between climate,
buildings, and people [5]. Consequently, building designs that are
adapted to the climate and thermal comfort of people are related
to each other. Thus, both these areas should be investigated to
understand adaptive mechanisms that sustain this low energy con-
sumption lifestyle. By introducing new techniques to existing
buildings in extreme cold climates, it would be possible not only
to create a comfortable thermal environment but also build a sus-
tainable society based on energy conservation.
1.2. Thermal adaptation of buildings

The thermal adaptation of traditional houses in extreme cold
climates in winter has mainly been investigated in China [6–11].
Huang et al. [6] found that passive solutions for traditional dwell-
ings in Tibet were effective at improving indoor environments. Nie
et al. [7] also showed that traditional dwellings in Tibet are ther-
mally comfortable in the daytime without additional energy use.
Zhu et al. [8] confirmed that climate responsive strategies
employed in underground cave dwellings were highly effective in
creating comfortable indoor environments for rural residences in
Henan. Juan et al. [9] also found that the average indoor tempera-
ture of earth dwellings is 2–6 �C higher than outdoor temperatures
without auxiliary heating, and prompted effective climate adaptive
strategies, such as thermal insulation and thermal buffer space, by
simulation in the Qinba Mountains area. Gou et al. [10] showed
that the traditional dwellings located in Xinye village are well
adapted to the local climate during summer, although indoor
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Table 1
Literature review of comfort temperatures in Nepalese dwellings in winter.

Reference No. of surveyed district Altitude (m) Types of dwelling Surveyed space No. of votes Comfort temperature (�C)

Cold Temperate Sub-tropical

Rijal et al. [28] 5 150–2600 Traditional Indoor 1936 13.4 15.2–24.2 16.2
Rijal et al. [28] 3 150–1700 Traditional Semi-open 1628 – 19.1, 20.3 19.9
Thapa et al. [29] 4 1177–1329 Temporary shelter Indoor 695 – 15.0–20.8 –
Gautam et al. [30] 3 157–2743 Traditional Indoor 275 13.8 17.9 23.1

-: Not available.

Fig. 1. Map of Nepal and the location of Mustang district.
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thermal comfort is not fully satisfactory during winter. Yang et al.
[11] found that climate responsive building design strategies help
residents adapt to harsh climates, and a prototype for climate
responsive dwellings was proposed in Turpan.

Most studies have focused on evaluating or improving the ther-
mal environment of houses in sub-tropical, temperate, and cold cli-
mates of Nepal [12–17]. Bajracharya [18] investigated the thermal
performance of houses in a temperate climate. Upadhyay et al. [19]
analysed the climate-responsive building design in a temperate cli-
mate. Chu et al. [20] installed the Ondol for cooking and heating in
houses in the southern part of Nepal. Fuller et al. [21] measured
and simulated summer thermal environment in a cold climate.
Bodach et al. [22] reviewed Nepalese vernacular architecture in a
qualitative manner and found that they were well adapted to the
local climate conditions. However, there is no research currently
on thermal adaptation of buildings in the extremely cold climate
of Nepal, located at a high altitude.

1.3. Thermal adaptation of people

Many studies on the thermal adaptation of people have been
conducted in the extreme cold climate of China [6,23–27]. Yang
et al. [23] found that what is considered a comfortable temperature
in Lhasa was 7.6 �C higher than the mean indoor air temperature of
11.3 �C. Huang et al. [6] concluded that Tibetans were more satis-
fied and tolerant of lower thermal comfort expectations. Yu et al.
[24] also found that Tibetans adapted to the cold environment by
wearing heavy traditional clothing and drinking hot butter-sweet
tea frequently. Chen et al. [25] found that the lower range of com-
fortable temperatures in Hangzhou is 15 �C, which indicates the
high adaptability of households to low temperatures. Xu et al.
[26] concluded that the comfort temperature in traditional dwell-
ings in Nanjing (15.8 �C) is lower than that in modern dwellings
and the American Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE) standard. Xiong et al. [27] found
that the majority of residents accept their indoor thermal environ-
Fig. 2. Climate of the investigated area: Lo Manthang, Mustang [33]. The Solukhumbu, Ch
provided for reference. (a) Outdoor air temperature and (b) Precipitation.
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ments in Wuhan, even though measured physical conditions fall
beyond the comfort zone of the ASHRAE standard.

In Nepal, there are only a few studies on comfort temperatures,
which are not sufficient to provide a thermally comfortable envi-
ronment to all 125 Nepalese caste groups, such as Chhetri, Brah-
min, Magar, Tharu, and Sherpa. In our previous research, we
found regional and seasonal differences in comfort temperatures
in sub-tropical, temperate, and cold climates of Nepal [15,28–31]
and proposed an adaptive model for thermal comfort [32]. As
shown in Table 1, the winter comfort temperature is considerably
lower in cold climates than in ASHRAE and Comité Européen de
Normalisation (CEN) standards.
1.4. Objectives

The Lo Manthang, which is located in the extreme cold climate
region of Nepal, was selected for this research. The reasons for this
ialsa which has a cold climate and is located on the south side of the Himalaya is also
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are as follows. First, due to the high altitude (3705 m) of this Hima-
layan region, it has a low outdoor air temperature (minimum: –
22.5 �C [33]) and high wind velocity (above 10m/s [34,35]). To pro-
tect residents from the cold, courtyard houses are attached to each
other. The houses are also constructed with 450mm thick dry brick
walls and small windows. Second, as the area is located in the rain
shadow on the northern side of the Himalayas, there is no direct
Fig. 3. Plan and outdoor view of the investigated houses (1F): (a) House A, (b) House
Kitchen): Space subjected to the thermal comfort survey, €: Measurement point).
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effect from monsoons and the precipitation is low (113 mm
[33]). Consequently, the houses have flat roofs in which small holes
are made for ventilation and lighting. Finally, because of the low
precipitation, firewood is very scarce. Residents therefore burn
livestock dung such as yak, goat, and horse for cooking and heating.

The main objectives of this research are to clarify the thermal
adaptation of traditional vernacular buildings through field mea-
B, (c) House C, (d) Overall view, (e) Courtyard, and (f) Street. (LDK (Living/Dining/



Table 2
Description of sensors used in survey.

Sensor Trade name Range Accuracy

Outdoor air temperature,
surface temperature and
globe temperature*

T-Type
thermocouple
0.08 mm ø

Indoor air temperature TR-71, T&D
Corporation

�40–
110 �C

±0.3 �C

Indoor air temperature TR-72, T&D
Corporation

0–50 �C ±0.3 �C

Relative humidity TR-72, T&D
Corporation

10–95% ±5%

Heat flux HFS
100 mm � 100 mm,
Captec Entreprise

±500 kW/
m2

±5%

Indoor wind velocity AM-03, RION 0.05–
3.00 m/s

±2%

Outdoor wind velocity A-702, Yokogawa 2–50 m/s ±5%
Outdoor wind direction A-802, Yokogawa 0–360� ±3%
Solar radiation H-205, Yokogawa 0–2 kW/

m2
±5%

⁄ Black painted 150 mm diameter globe (Sibata 080340–150).

Table 3
Scale for the thermal comfort survey.

Scale Thermal sensation Thermal preference Overall comfort

4 Extremely hot
3 Very hot Very uncomfortable
2 Hot Much cooler Uncomfortable
1 Slightly hot Slightly cooler Slightly uncomfortable
0 Neutral No change Comfortable
�1 Slightly cold Slightly warmer
�2 Cold Much warmer
�3 Very cold
�4 Extremely cold
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surements, to examine the relationship between comfort tempera-
ture and indoor temperature by a thermal comfort survey, and to
discuss the energy saving potential based on literature review in
extreme cold climates.

2. Methodology

2.1. Research area

The research area Lo Manthang is located in Mustang district, as
shown in Fig. 1. It is classified as an arid steppe cold climate (BSk)
region in the Köppen and Geiger climate classification [36] and has
an extremely cold and windy environment. It took 4 days to reach
there on foot from Josmom airport. To avoid mountain sickness, we
adapted by walking slowly and reducing our levels of physical
activity.

The monthly mean outdoor air temperatures and precipitation
in the investigated area are shown in Fig. 2. The outdoor tempera-
ture was lowest in January. Due to the low latitudes (26� to 30�N)
and high insolation of Nepal, it is warm during winter daytime.

Lo Manthang is known as a historic walled city and a detailed
city map can be found in some studies [37–39]. The plan and over-
view of the investigated houses are shown in Fig. 3. Most of the
houses have two storeys with a courtyard, constructed from sun-
dried brick which is approximately 450 mm thick. The houses
are built using local building materials and have a few small-
sized windows. Small holes are made in the roof for ventilation
and lighting. The ground floor is used for storage and sheltering
cattle, and the first floor is used for cooking (kitchen), living, sleep-
ing, etc. The kitchen is used for both dining and living. In some
houses, residents also sleep in the kitchen. In winter, people spend
most of their time in the kitchen, keeping warm by burning live-
stock dung. People began to use the iron stoves for cooking and
heating instead of the open-hearth stove, which is effective in
improving the indoor air quality. They do not have other heated
indoor spaces for living.

2.2. Thermal measurements

The indoor and outdoor thermal environments were measured
in January 2005 [37]. The measured parameters were air tempera-
ture, relative humidity, globe temperature (150 mm diameter),
wind speed, wind direction, and solar radiation, as shown in
Fig. 4 and Table 2. The outdoor environment measurements were
taken at a height of 1.5 m above roof level. The indoor environment
was measured in the centre part of the rooms at a height of 0.6 m
above floor level because residents generally sit on the floor or in a
Fig. 4. View of the measuring instrume
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low-height seat. People burn livestock dung for heating and cook-
ing, and heated air accumulates around the ceiling. To evaluate the
temperature distribution of the room, the indoor air temperature
was measured at a height of 0.1 m above the floor and 0.1 m below
the ceiling. Surface temperature and heat flux were measured at
the centre of the floor, wall, and roof. All data were recorded at
5-min intervals.

2.3. Thermal comfort survey

2.3.1. Scale
The thermal comfort scales are listed in Table 3. The question-

naire was translated into the Nepali language carefully for inter-
nts: (a) Outdoors and (b) Indoors.



Table 4
Description of the participating residents.

Houses for thermal comfort survey Subject Age (year) Height (cm) Weight (kg) S (m2) Icl (clo)

M F M F M F M F M F M F

1) A 3 9 47.0 38.9 164.0 154.2 52.0 44.4 1.56 1.41 3.25 6.04
2) B 4 7 40.8 31.3 162.3 155.3 53.9 46.4 1.57 1.44 2.63 5.20
3) C 3 10 53.3 41.3 160.0 155.5 58.1 50.1 1.59 1.48 2.80 6.41
Mean 10 26 46.4 37.8 162.1 155.0 54.6 47.1 1.57 1.44 2.87 5.96

s: Body surface area (S = 100.315 W 0.383 H0.693, W: Weight (kg), H: Height (cm)), M: Male, F: Female, Icl: Clothing insulation (Icl_M = 0.000558w + 0.068, ICI_F = 0.00103-
w�0.0253, w: Cloth weight (g)).

Fig. 5. Sherpa residents and instruments used for thermal comfort survey: (a) House A (n = 12), (b) House B (n = 11), (c) House C (n = 13) and (d) Indoor environment of House
B, including instruments used for indoor measurements.
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views. A detailed description is given in Rijal et al. [28]. However,
2–3 residents could not speak Nepali very well, and the question-
naire was translated for them by local people fluent in Nepali. We
used a 9-point thermal sensation scale to evaluate the extreme cli-
mate, which was modified from the ISO scale [40]. The objectives
of the survey were explained in advance to all residents.
2.3.2. The residents
Table 4 shows an outline of the residents who participated in

the investigation; 36 healthy local residents participated in the
survey, ranging in age from 17 to 60 years. The mean age of men
and women was 46.4 years and 37.8 years, respectively (Table 4,
Fig. 5). During the thermal comfort survey, the residents were
either sitting down and resting, or sitting down and doing light
work (Fig. 5(d)). Generally, residents wore the same clothes for
many days and they were therefore asked to wear the same clothes
during the thermal comfort survey period of 4 days. If they wanted
to change clothes, they were asked to wear clothes that were sim-
5

ilar to the previous ones. The clo values were roughly estimated by
measuring the weight of the clothes [41,42], with female clothing
higher than male clothing (Table 4). The reasons might be that
females wear many layers of traditional clothing made by wool,
and males wear light western clothing. However, due to the high
total weight of traditional clothing, the estimated clo value may
not be precise (Fig. 5). According to Inoue [43], a clothing of 7.0
clo is necessary under rest conditions at –20 �C, which might be
related to the high clo values and low outdoor air temperature
(minimum –22.5 �C) of this research area.

The body surface areas were estimated using the Japanese for-
mula [44]. Residents wore heavy clothing (male: mean = 5.0 kg,
maximum= 7.4 kg, female:mean = 5.8 kg, maximum8.6 kg) so they
were excluded from bothweight and body surface area estimations.
The average body surface areas are 1.57m2 formales and 1.44m2 for
female; body structure is useful to know since it can be used to esti-
mate the heat loss from the body. Residentswere paid a daily allow-
ance to participate in the thermal comfort survey.
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2.3.3. Thermal responses collection
The method used for thermal response collection is similar to

that in a previous study [28] and the survey was conducted by
the author. We gathered the residents from the neighbourhood
every hour in the experimental houses 15 min before recording
their responses. The thermal responses were started 15 min before
the hour in house A, on the hour in house B, and 15 min past the
hour in house C. Thermal responses were taken through verbal
interviews, as many residents could not read and write. If there
were any ambiguous responses, the interview was repeated. Even
though we permitted their leaving the experimental space after
voting, most of them stayed around the experimental indoor space.

The thermal comfort survey was conducted over 4 days, as
shown in Table 5. The total collected samples were 1,584. The ther-
mal responses were collected at intervals of one hour. Generally,
residents go to bed at around 20:00, and thus the thermal
responses were collected only during the daytime.
3. Thermal adaptation of buildings

3.1. Relation between the outdoor environment and building design

As we know, the traditional vernacular building design is highly
related to the outdoor climate. Generally speaking, the thermal
performance of traditional dwellings is better than that of modern
dwellings [45–48]. In winter, the minimum indoor surface temper-
ature of the walls and roof of the concrete house is 1.4 to 7.4 �C
lower than that of the mud house; thus, people may feel discom-
fort and require more energy in modern concrete house [47]. To
investigate the relationship between the outdoor environment
and building design, the solar radiation, wind velocity, and wind
direction from one of the investigation days are shown in Fig. 6.
Most of the buildings that were part of the investigation have a
Table 5
Description of houses for thermal comfort survey, space, and period.

Houses for thermal
comfort survey

No. of
stories

Spaces for thermal
comfort survey

Survey dates
(5–8 January)

1) A 2 LDK (1F) 7:45–17:45
2) B 2 LDKB (1F) 8:00–18:00
3) C 3 LDK (1F) 8:15–18:15

L: Living, D: Dining, K: Kitchen, B: Bed, *Walls are constructed of sun dried mud
brick. Flat roof is constructed of mud.

Fig. 6. Variation of outdoor climate in 6 January: (a) So
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courtyard, with a balcony connected to the courtyard to obtain
the maximum solar radiation inside the building. The maximum
solar radiation is 705 W/m2 (Fig. 6(a)), and the people work and
remain in sunny areas such as roof tops, balconies, and streets to
feel thermally comfortable. The maximum daytime wind velocity
was 9.1 m/s. The buildings are connected to each other, and only
a few small windows are found in the external walls. This might
be helpful in preventing strong wind from penetrating indoors,
thus creating a warmer indoor thermal environment in winter.

3.2. Comparison of the thermal environment in the heated and non-
heated rooms

As explained in the methodology section, residents use the
kitchens for dining, living, and sleeping purposes; thus, the kitchen
is classified as a heated room, and other rooms are classified as
non-heated. The indoor air temperature of the heated room is
10–25 �C when residents are cooking and heating (Fig. 7(a)). How-
ever, the indoor air temperature in the non-heated room is almost
constant (�0.3 �C in living room) throughout the day (Fig. 7(b)).
Even though the relative humidity of the non-heated room is
higher than that of the heated room, the absolute humidity is sim-
ilar for both room types. Moisture generation was confirmed dur-
ing the cooking periods. The daily mean indoor air temperatures of
the heated and non-heated rooms were 4.1 �C and 0.5 �C, respec-
tively (Fig. 7(a–b), Table 6). As shown in Table 7, the indoor air
temperature of both the heated and the non-heated room is similar
to that of some Chinese dwellings. Due to the high altitude and
burning of only animal dung in this study, the indoor air tempera-
ture is 2.4 �C lower than that of the Solukhumbu district of Nepal,
where people burn firewood for cooking and heating (Table 7).
Although some of the previous studies have similar or much lower
outdoor air temperatures than this study, the indoor air
temperature in previous studies is much higher than that in this
study (Table 7). People may have used passive, active or both heat-
ing methods to maintain high indoor thermal comfort in previous
studies. It is an uncomfortable environment in terms of indoor
thermal comfort, but residents have accustomed themselves to liv-
ing in these indoor environments.

3.3. Indoor and outdoor temperature differences

The indoor and outdoor temperature difference is one of the
indications for evaluating the thermal performance of buildings
and indoor heat generation in daily life. The indoor and outdoor
lar radiation and (b) Wind velocity and direction.



Fig. 7. Variation of air temperature and humidity for rooms with (a, c & e) and without heating (b, d & f): (a, b) Air temperature; (c, d) Relative humidity; and (e, f) Absolute
humidity.
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Table 6
Air temperature and humidity of the houses investigated (5–8 January).

Space Classification Room n Ti (�C) Ti-To (�C) RHi (%) Xi (g/kg DA)

DM DT NT DM DT NT DM DT NT DM DT NT

Outdoor To, RHo, Xo – – �3.1 �0.4 �5.8 – – – 36 29 43 1.6 1.6 1.7
Semi-open – 1 �1.0 �0.8 �1.2 – – – 53 50 56 3.0 2.9 3.1
Indoor Heated room Kitchen* 9 4.1 4.5 3.8 7.2 4.9 9.6 43 41 44 3.5 3.5 3.5

Non-heated room Living** 1 �0.3 �0.3 �0.3 2.8 0.1 5.5 67 67 67 4.0 4.0 4.0
Storage + 3 2.3 1.9 2.6 5.3 2.4 8.3 60 58 61 4.3 4.1 4.6
Prayer room 2 �0.4 �0.6 �0.3 2.7 �0.2 5.5 45 44 46 2.6 2.5 2.7
Mean 0.5 0.4 0.7 3.6 0.8 6.4 57 56 58 3.6 3.5 3.8

n: Number of houses investigated, Ti & To: Indoor & outdoor air temperature, RHi & RHo: Indoor and outdoor relative humidity, Xi & Xo: Indoor and outdoor absolute humidity,
DM: Daily mean, DT (Daytime): 6:00–18:00, NT (Night time): 0:00–6:00 & 18:00–24:00, *: 6 houses are also used for sleeping, **: Mainly used for summer, +: 1 house used for
sleeping and 2 houses used for prayer rooms.

Table 7
Comparison of indoor temperatures, with data from previous studies.

Country Reference Area Altitude (m) To (�C) Ti (�C)

Nepal This study Mustang 3705 �3.1 �0.4~2.3 (Non-heated room)
4.1 (Heated room)

Rijal et al. [28] Solukhumbu 2600 3.1 6.5
Gautam et al. [30,49] Mustang 3000 11.4 12.2 (Tg)
Fuller et al. [21] Humla (Simikot) 3005 11.9 16.2~21.2

India Singh et al. [50] Cherrapunjee – 13.7 15.0
Thapa et al. [51] Kurseong 1420 14.2 16.6

Tiger Hills 2565 7.9 15.3
China Shen & Yu [52] Sichuan – – 7.9

Wang et al. [53] Tibet – �1.7 8.1 (Bedroom & hall)
4.2 (Storage room: Middle)
2.8 (Storage room: West)

Yang et al. [23] Lhasa 3650 �15~18 11.3
Huang et al. [6] Lhasa 3600 4.9 3.1~6.7 (Unheated rooms)

15.6 (Heated bedroom)
Yu et al. [24] Tibetan region – �20~32.5 0.5~30.0
Nie et al. [7] Lhasa, Luhuo 3656, 3400 �3.2 0.1~10.4
Chen et al. [25] Hangzhou – 8.0* 10.9 (Living: FR)

11.7 (Bedroom: FR)
Xiong et al. [27] Wuhan, Luotuoao – 9.9, 11.9 11.1
Zhu et al. [8] Henan – �6.7~9.5 4.5~8.6 (Lower master cave)

6.0~14.1 (Kang dwelling)
4.5~12.0 (Upper north cave)
�1.2~8.6 (Brick building)

Juan et al. [9] Qinba mountainous area 1200 0.8 (coldest day) 4.2 (Brick dwelling)
6.3 (Earth dwelling)

Gou et al. [10] Xinye 89 3.2~6.0 4.3~6.6 (Living)
Ning et al. [54] Harbin – �25~10* 24.1 (Heating period)
Ning et al. [55] Harbin – �35~20* 22.9
Yang et al. [11] Turpan – �7.0 (Trm) �0.7 ~ 1.6 (Bedroom) (House A)

Netherlands Ioannou et al. [56] – – 2.5~15.0 16.0~25.5 (Top) (F labelled)

To: Outdoor air temp., Ti: Indoor air temp., Tg: Globe temp. (�C), Top: Operative temp. (�C), Trm: Running mean outdoor temp. (�C), *: Approx., FR: Free running
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temperature difference of the heated room was 4.9 �C during the
daytime and 9.6 �C at night (Table 6), which may be because resi-
dents spend most of their time in the kitchen, using animal dung
fuel. The thick sun-dried brick walls might also be effective in
keeping these buildings warm in winter. Residents also close their
doors and windows in winter to avoid cold air coming inside and to
prevent heat loss. A total of 97% of indoor air movement was below
0.10 m/s; thus, there was no influence from the high outdoor wind
velocity.

For the non-heated rooms, the indoor and outdoor temperature
difference was 0.8 �C during daytime and 6.4 �C at night (Table 6).
Since there is no internal heat generation in these rooms, the indoor
and outdoor temperature difference is significantly lower than that
of the heated rooms. Residents do not spend much time in the non-
heated rooms, so the indoor thermal environment is mainly related
to the thermal performance of the building envelope.
8

3.4. Air temperature distribution within the heated rooms

The difference in air temperature between the ceiling (Tac) and
floor (Taf) is defined as the vertical temperature difference. The hor-
izontal temperature difference is defined as the air temperature dif-
ference between the area around the stove (Tas) and near the
entrance (Tae). The results are shown in Fig. 8 and Table 8. The
variation in the vertical or horizontal temperature difference is
almost similar. The vertical temperature difference is significantly
high (up to 14 �C) during cooking and heating times, which was
greater than the ASHRAE thermal comfort standard at 3 �C (Fig. 8,
Table 8). We found similar results to those of a previous study that
was investigated during winter in the temperate climate of Nepal
[57]. The results showed that a significant amount of hot air accu-
mulated around the ceiling, indicating wasted heating energy and
resultant thermal discomfort in the indoor thermal environment.



Fig. 9. Variation of outdoor air temperature, ceiling surface temperature and
outdoor roof surface temperature.

Fig. 8. Temperature differences in the heated room: (a) Horizontal temperature difference and (b) Vertical temperature difference.

Table 8
Temperature differences within the heated room.

Description Period n Daily Daytime Night time

Horizontal air temperature difference (Tas-Tae) (�C) 4–10 Jan. 4 2.3 2.9 1.7
Vertical air temperature difference (Tac-Taf) (�C) 4–10 Jan. 6 3.2 3.5 3.0
Surface temperature difference between ceiling and roof (Tsc-Tsr) (�C) 5–10 Jan. 2 9.8 6.0 13.6

Tas: Air temperature around the stove, Tae: Air temperature around the entrance, Tc & Tf: Air temperature around the ceiling & floor, Tsc & Tsr: Surface temperature of ceiling &
outdoor surface temperature of roof, n: Number of investigated houses

Table 9
Wall surface temperatures from previous studies in China.

Reference Area Altitude (m) To (�C) Room

Wang et al. [53] Tibet �1.7 Bedro
Storag

Huang et al. [6] Lhasa 3600 4.9 South
South
North

Gou et al. [10] Xinye 89 3.2–6.0 Bedro

To: Outdoor air temp., Tisw: Indoor surface temp. of wall, Tosw: Outdoor surface temp. of
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3.5. Thermal performance of the roof

The roof’s thermal performance is important to maintaining
comfortable indoor temperatures, and it is evaluated by the ceiling
surface temperature (Tsc) and outdoor surface temperature of the
roof (Tsr). The results are shown in Fig. 9 and Table 8. The ceiling
surface temperatures during the daytime and night-time are
6.0 �C and 13.6 �C higher than that of the roof surface tempera-
tures. This might be due to the increased ceiling surface tempera-
ture caused by burning animal dung and the high thermal
insulation provided by the thick mud roof. When compared with
previous studies, these differences are higher than those of the wall
surface temperatures (Table 9). The results showed that the mud
roof is highly effective for thermal insulation.
3.6. Thermal performance of floors and walls

The variation in both heat loss and heat gain from the floor and
walls was evaluated by the heat flux. The results are shown in
Fig. 10 and Table 10. The trend of the heat flux is similar in the floor
and walls. The mean heat fluxes during daytime and night-time
were �6.5 W/m2 and �3.1 W/m2, respectively. These findings
type Tisw (�C) Tosw (�C)

North South North South

om 8.6 8.9 – –
e room 4.6 6.1 – –
bedroom 6.5 6.9 3.6 3.5
meeting room 7.3 8.1 3.3 6.7
bedroom 3.0 3.4 – –
om 3.9~5.5* – 3.2~5.7*

wall, *: Approx.



Fig. 10. Heat flux variation of the floor and walls.
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show that indoor heat loss to floor or walls was found in both day-
time and night-time. However, the maximum heat flux from floor
and walls to indoors was 3.7 to 16.2 W/m2 at night (Table 10). The
reason might be that the floor and walls store heat during the day-
time, which gradually releases indoors at night. Thus, the thick
brick walls and floor are effective in maintaining a warm indoor
thermal environment in winter.
4. The thermal adaptation of people

4.1. The thermal environment of houses A, B and C

It is well known that the temperature people feel comfortable
which is related to the exposed indoor temperature [58], and the
indoor temperature in each house might be different in the same
area. In this section, the thermal environment of three separate
houses was analysed as part of the thermal comfort survey. The
daily mean outdoor and indoor air temperatures were –2.4 �C
and 6.0 �C, respectively (Table 11). The relative humidity was
30% and 38%, respectively. The indoor temperature and humidity
Table 11
Temperature and relative humidity of the houses for the thermal comfort survey (5–8 Jan

Space House Air temperature (oC)

DM DT NT

Outdoor �2.4 0.6 �5.4
Indoor A 3.9 5.5 2.4

B 7.4 8.1 6.6
C 6.7 8.9 4.5
Mean 6.0 7.5 4.5

DM: Daily mean, DT: Daytime (6:00–18:00), NT: Night time (0:00–6:00 & 18:00–24:00)

Table 10
Heat flux of the floor and walls in the heated rooms (5–10 January).

Indoor measurement surface (n = 1) Heat flux (W/m2)

Daily mean Da

North-East wall �3.8 �4
North-West wall �5.4 �6
South-east wall �6.8 �1
Floor �3.2 �4
Mean �4.8 �6

n: Number of houses, -: Indoor to outdoor flow
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were higher than those of outdoors. The daily mean indoor air tem-
perature was also 0.5 �C higher than that of the globe temperature.
This might be because the surface temperature is lower than the
air temperature (Fig. 7(a) and Fig. 9). Due to cooking and heating,
the daytime globe temperature is 2.8 �C higher than at night. The
indoor temperature of house A was lower than that of houses B
and C. The results show that people live in a thermal environment
far below that of the ASHRAE and CEN standards [59,60].
4.2. Thermal responses

Generally, the central three categories of thermal sensation
votes including neutral were designated as ‘comfort zone’ or ‘satis-
fied’ and the rest as ‘dissatisfied’ or ‘discomfort’ [59–62]. To evalu-
ate the overall thermal responses, the ‘thermal comfort zone’ of
this research are classified as ± 1 for thermal sensation (on a 9-
point scale); ±1 for thermal preference (5-point scale); and 0. &
1. for overall comfort (4-point scale). The distribution of the ther-
mal sensation, thermal preference and overall comfort are shown
in Fig. 11, with their statistics and globe temperatures shown in
Table 12.

The overall percentage of ‘neutral’, ‘no change’ and ‘comfort-
able’ are 22%, 11% and 43%, respectively (Fig. 11). The percentages
of thermal comfort zones for ‘thermal sensation’, ‘thermal prefer-
ence, and ‘overall comfort’ were 59%, 86%, and 96%, respectively.
The ‘thermal comfort zone’ of thermal sensation for house C is
lower than that of houses A and B. These results indicate that the
thermal comfort zone of thermal preference and overall comfort
is considerably high. Even though we used a 9-point thermal sen-
sation, nobody gave the ‘extremely cold’ sensation. The ‘very cold’
thermal sensation was chosen in the morning and evening when
indoor temperature was low. However, most thermal sensations
were ‘slightly cold’ for a given indoor temperature. Regarding the
local body sensation, residents sometimes mentioned the cold
body extremities, such as soles of the feet, knees, feet, hands, and
ears.

The age of respondents is divided into three groups. The mean
thermal sensation of males and females by age group is shown in
Fig. 12. The mean thermal sensation of females was significantly
lower than that of males for each age group. In particular, the mean
thermal sensation of females is lowest for the highest age group,
uary).

Globe temperature (oC) Relative humidity (%)

DM DT NT DM DT NT

– – – 30 23 37
3.5 4.9 2.1 38 34 43
6.9 7.7 6.1 36 33 39
6.0 8.1 4.0 39 32 45
5.5 6.9 4.0 38 33 42

ytime Night time Max. Min.

.9 �2.7 3.7 �19.7

.5 �4.3 7.3 �28.1
0.1 �3.5 9.3 �42.4
.4 �1.9 16.2 �19.7
.5 �3.1 9.1 �27.5



Fig. 11. Distribution of residents’ thermal responses: (a) Thermal sensation, (b) Thermal preference and (c) Overall comfort.

Table 12
Thermal sensation, thermal preference, overall comfort and temperatures.

House Thermal sensation Thermal preference Overall comfort Tgm (oC) Tgmn (oC)

N (%) ±1 (%) Nc (%) ±1 (%) C (%) 0.&1. (%) Mean S.D. Mean S.D.

1) A 23 68 6 84 55 98 5.6 3.0 7.6 2.0
2) B 34 77 26 88 58 96 8.5 1.6 8.6 1.3
3) C 10 37 2 86 20 96 9.2 1.9 10.6 1.7
Mean 22 59 11 86 43 97 7.8 2.2 9.0 1.7

N, Nc & C: Percentage of ‘Neutral’, ‘No change’ & ‘Comfortable’, ±1 & 0. & 1.: Percentage of ‘thermal comfort zone’, Tgm & Tgmn: Mean globe temp. when voting & for ‘Neutral’
vote, S.D.: Standard deviation
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Fig. 12. Mean thermal sensation of males and females, by age group (Mean ± 2S.E.).
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and thus females are more sensitive to temperature, which is sim-
ilar to a previous study [63].

It is interesting to note that when residents reported ‘neutral’ in
the thermal sensation (n = 342), 52% of the votes were for ‘slightly
Fig. 13. Relation between thermal sensation and g
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warmer’ in the thermal preference survey. People may prefer a
warmer indoor environment when indoor temperature is low
[28,64].

4.3. Comfort temperature

4.3.1. Regression method
The relationship between thermal sensation and globe temper-

ature is shown in Fig. 13. To determine the mean globe tempera-
ture for a certain voting period, temperature readings were taken
every five minutes for one hour, starting thirty minutes before
the vote time and ending thirty minutes afterwards. The following
regression equations were obtained:

Group A TSV = 0.19Tg � 2.3
(n = 528, R2 = 0.37, S.E. = 0.011, p < 0.001) (1)
Group B TSV = 0.09Tg � 1.7
(n = 484, R2 = 0.03, S.E. = 0.024, p < 0.001) (2)
Group C TSV = 0.13Tg � 2.8
(n = 572, R2 = 0.09, S.E. = 0.017, p < 0.001) (3)
All TSV = 0.08Tg � 1.9
(n = 1584, R2 = 0.07, S.E. = 0.008, p < 0.001) (4)
lobe temperature: (a) Each group and (b) All.
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TSV: thermal sensation vote; Tg: indoor globe temperature (�C);
n: number of samples; R2: coefficient of determination; S.E.: stan-
dard error of the regression coefficient; and p: significance level of
regression coefficient.

Fanger [61] found a regression coefficient of 0.33 in a climate
chamber study; thus, the temperature change required to shift
one thermal sensation vote (Treq) would be 3 �C (=1/0.33). Accord-
ing to Nicol et al. [65], a regression coefficient of 0.25 is often
obtained in field surveys. However, the regression coefficient of
this study is very low, and the Treq is 5.3–12.5 �C. These discrepan-
cies are similar to those from previous studies, as shown in
Table 13. Singh et al. [69] also showed similar discrepancies in
classrooms. Thus, the estimation of comfort temperature by the
regression method may not be reliable when the regression coeffi-
cient is lower than 0.25. In particular, the estimation of comfort
temperature range by a lower regression coefficient is not suitable,
as we know from the Treq. The regression coefficient would be low
due to the narrow range of exposed indoor temperatures for the
short period (13 to 16 May 2019) during the thermal comfort sur-
vey [31], or for small variations in temperature [70]. Another rea-
son could be the seasonal adaptation to the indoor temperatures
over a long survey period [66–68]. Thus, the Griffiths method is
used to estimate comfort temperature in the next section.
4.3.2. Griffiths’ method
In this study, the Griffiths method is used to estimate the com-

fort temperature, which is shown below [71–75].

Tc = Tg + (0 – TSV) / a (5)

Tc: comfort temperature (�C); 0: ‘neutral’ thermal sensation
vote; a: regression coefficient. Fanger [61] obtained a regression
coefficient of 0.33 for a 7-point thermal sensation scale, and Nicol
et al. [65] used this value to estimate the comfort temperature in
Pakistan. We also used 0.44 (=0.33 � 8/6), which is converted for
the 9-point thermal sensation scale used in this study.

Table 14 shows the comparison of comfort temperature and
clothing insulation, based on previous studies. The preferred tem-
perature is also given for reference. Some studies have not pro-
vided comfort temperature, and thus indoor air temperature is
Table 13
Regression equations from previous dwelling studies.

Country Reference Area

Nepal Rijal et al. [28] Banke, Bhaktapur, Dhading, Kaski, Solukhumbu
India Thapa et al. [51] Kurseong

Tiger Hills
China Shen & Yu [52] Sichuan

Yang et al. [23] Lhasa
Yu et al. [24] Tibetan region
Xu et al. [26] Nanjing
Xiong et al. [27] Wuhan, Luotuoao

Ning et al. [55] Harbin

Yang et al. [11] Turpan
Japan Rijal et al. [66] Gifu

Rijal et al. [67] Kanto

Rijal et al. [68] Kanto

R2: Coefficient of determination, Treq: Temperature change required to shift one therma
temp. (�C), Top: Operative temp. (�C), FR: Free running mode, CL: Cooling mode, HT: Hea
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used as a reference because many studies have confirmed that
comfort temperature and indoor temperature are highly correlated
[28,58,67,76].

The mean comfort temperature and lower acceptable tempera-
ture of this study are 10.7 �C (S.D. = 3.0 �C) and 6.8 �C, which are
lower than those reported in previous studies (Table 14). As shown
in Fig. 14, the mean comfort temperature of females for the lowest
and highest age groups is significantly higher than that of males.
The mean comfort temperature of females in the highest age group
is 12.7 �C, which is 2.7 �C higher than that of males, thus females
may prefer a warmer environment in winter. However, the comfort
temperature of males and females in free running mode was sim-
ilar in Japanese dwellings [67]. In particular, the mean comfort
temperature is 2.7 to 3.1 �C lower than that of cold climates in
Nepal [28,30]. This might be due to high clothing insulation com-
pared to previous studies (Table 14). Holand [77] found that the
comfort temperatures for sleeping bags were –22.0 to 5 �C for
clothing insulation of 7.0 to 3.7 clo. Cena et al. [78] also found that
when the mean overnight air temperature of the tents, and mean
clothing insulation at high altitude were �7.4. to about 22.0 �C,
and 7.8 to 6.2 clo, respectively, the mean thermal sensation vote
was �0.1 to 1.7. These results show that clothing insulation is an
important behavioural adaptation to achieve thermal comfort in
a cold climate.
4.3.3. Difference in comfort temperature in the same area
As shown by Huebner et al. [79] and Nicol et al. [80], the indoor

temperature is significantly different by dwelling, thus we can
imagine that the comfort temperature is also different in each of
the dwelling. We found that the comfort temperature was different
in the semi-open and indoor spaces in the same investigated area
[28]. It seems that the comfort temperature is affected by the daily
exposed thermal environment. In this study, we conducted a ther-
mal comfort survey in three houses within the same area, and the
differences in comfort temperature of these houses were com-
pared, as shown in Fig. 15. The mean comfort temperature of house
C is 12.9 �C, which is 4.5 �C and 2.3 �C significantly higher than
those of houses A and B, respectively. A thermal comfort survey
was conducted among residents who were born and grew up in
the same investigated area, and if the residents of houses A, B,
Classification Equation R2 Treq (�C)

TSV = 0.0618Tg � 1.4609 0.8272 16.7
TSV = 0.138Tg � 2.989 0.067 7.2
TSV = 0.229Tg � 3.589 0.372 4.4
TSV = 0.1049Ti � 1.7126 0.84 9.5
MTSV = 0.141Ti � 2.667 0.64 7.1
MTSV = 0.1219Top � 1.7626 0.9173 8.2
TSV = 0.0949Top � 1.5039 0.1284 10.5

Rural TSV = 0.09Ti � 1.45 0.74 11.1
Urban TSV = 0.10Ti � 1.94 0.38 10.0
Early heating MTSV = 0.340Ti � 7.106 0.724 2.9
Mid heating MTSV = 0.176Ti � 3.867 0.561 5.7
Late heating MTSV = 0.132Ti � 2.789 0.448 7.6

TSV = 0.143Top � 3.353 0.721 7.0
FR TSV = 0.149Ti + 1.59 0.48 6.7
CL TSV = 0.130Ti + 1.95 0.05 7.7
HT TSV = 0.064Ti + 3.04 0.10 15.6
FR TSV = 0.120Ti + 1.2 0.47 8.3
CL TSV = 0.098Ti + 1.5 0.08 10.2
HT TSV = 0.081Ti + 2.0 0.09 12.3
FR TSV = 0.066Ti + 2.5 0.12 15.2
CL TSV = 0.054Ti + 2.8 0.01 18.5
HT TSV = 0.002Ti + 3.8 0.0001 500.0

l sensation vote, TSV: Thermal sensation vote, Tg: Indoor globe temp., Ti: Indoor air
ting mode.



Table 14
Comparison of comfort temperature and clothing insulation with data from previous studies.

Country Reference Area Altitude
(m)

Temp. for Tc
(�C)

Tc (Tp)[Ti] (�C) Acceptable temp. (�C) Icl (clo)

Nepal This study Mustang 3705 Tg 10.7 6.8~14.6(Mean ± 1.3S.D.) M: 2.87,
F: 5.96

Rijal et al. [28] Solukhumbu 2600 Tg 13.4 10.8~16.0(Mean ± 1.3S.D.) M: 1.38,
F: 2.02

Gautam et al.
[30]

Mustang 3000 Tg 13.8 (14.7) 11.1~16.5(Mean ± 1.3S.D.) 1.63

India Singh et al. [50] Cherrapunjee – Ti 20.8 – 0.70
Thapa et al.
[51]

Kurseong 1420 Top 18.1 – 0.9

Tiger Hills 2565 15.6 1.1
China Shen & Yu [52] Sichuan Ti 16.3 8.2~24.2(80%) –

Yang et al. [23] Lhasa 3650 Ti 18.9 13.6 (80%) 0.81~2.06
Huang et al. [6] Lhasa 3600 – [15.6] Heated

bedroom
90% people accept the indoor thermal
environment.

Yu et al. [24] Tibetan region – Top 14.5 9.4~10.2 (PMV = �0.5) 1.19~2.67
Nie et al. [7] Lhasa, Luhuo 3656,

3400
– [10.4] Kitchen –

Chen et al. [25] Hangzhou – Top – 15.0 (TSV = �0.5) 1.1~1.4
Xu et al. [26] Nanjing – Top 15.8 (16.2) 10.6 (TSV = �0.5) 2.07
Xiong et al. [27] Wuhan, Luotuoao – Ti (20.5, 18.5) 14.4, 10.6 (TSV = �0.5) 2.05, 1.47
Juan et al. [9] Qinba mountainous

area
1200 – 13.6 11.2~16.8 (80%) 1.0~1.45

Ning et al. [54] Harbin – Ti 22.6 (Heating
period)

18.6~19.0 (80%) 0.69~0.85

Ning et al. [55] Harbin – Ti 21.3 (Heating
period)

– 0.91

Yang et al. [11] Turpan – Top 23.5 10.5 ~ (TSV = �0.5) 1.1
Netherlands Ioannou et al.

[56]
– – Top – 14~24* (F-labelled living rooms) –

To: Outdoor air temp., Ti: Indoor air temp., Tc: Comfort temp., TP: Preferred temperature (�C), Icl: Clothing insulation, Tg: Globe temp. (�C), Top: Operative temp. (�C), Trm:
Running mean outdoor temp. (�C), M: Male, F: Female, TSV: Thermal sensation vote, *: Approx.

Fig. 14. Mean comfort temperature of males and females, by age group (Mean ± 2S.
E.). Fig. 15. Indoor globe temperature and comfort temperature for each investigated

group (Mean ± 2S.E.).
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and C were to be changed around and another thermal comfort
survey was conducted, a similar kind of comfort temperature could
be expected.

As confirmed by several studies [28,58,67,70,76,81,82], the
comfort temperature is related to the indoor temperature by
adapting to the indoor climate. Thus, the comfort temperature
and indoor globe temperature were compared, as shown in
Fig. 16. We obtained the following regression equations:

Group A Tc = 0.576Tg + 5.1
(n = 528, R2 = 0.52, S.E. = 0.024, p < 0.001) (6)
Group B Tc = 0.786Tg + 4.0
(n = 484, R2 = 0.31, S.E. = 0.054, p < 0.001) (7)
14
Group C Tc = 0.703Tg + 6.4
(n = 572, R2 = 0.36, S.E. = 0.040, p < 0.001) (8)
All Tc = 0.808Tg + 4.4
(n = 1584, R2 = 0.55, S.E. = 0.018, p < 0.001) (9)

Most of the scatter plots are above the diagonal line. By observ-
ing the regression lines, when the indoor temperature is low, the
comfort temperature is high, and thus residents prefer high indoor
temperatures when they are exposed to low indoor temperatures.
The comfort temperature and indoor globe temperature are corre-
lated (r = 0.56–0.74). As shown in Table 15, these trends are similar
to those of previous studies. The results showed that residents



Fig. 16. Relation between the comfort temperature and globe temperature: (a) Each group and (b) All.

Table 15
Relation between the comfort temperature and indoor temperature, in dwellings from previous studies.

Country Reference Mode Equations R2

Nepal Rijal et al. [28] Mixed Tc = 0.8274Tg + 3.9624 0.9956
India Thapa et al. [51] – Tc = 0.827Top + 3.564 0.694
Japan Rijal et al. [67] FR Tc = 0.759Ti + 5.7 0.90

Rijal et al. [68] FR Relation between Tc and Ti 0.86

Tc: Comfort temp. (�C), Tg: Globe temp. (�C), Top: Operative temp. (�C), Ti: Indoor temp. (�C), R2: Coefficient of determination, FR: Free running.
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were well adapted to the indoor temperature of the investigated
houses.

The regression coefficients of the adaptive models of free-
running mode or naturally ventilated buildings are significantly
higher than those of air-conditioned buildings [59,60,83–85]. We
also found a low regression coefficient of the adaptive model in
the highly insulated condominium, compared to the detached
houses and condominiums [68]. The results confirmed that the
indoor thermal environment, which is the response of the building
design and thermal controls by residents, is related to the thermal
comfort of residents.
15
5. Potential for saving energy

Due to the low latitude of the investigated area, a large amount
of solar energy (see Fig. 6) is available for passive heating. As con-
firmed by Fuller et al. [21], air tightness, thermal insulation, and
sun space are effective in improving the indoor temperature
(Table 16). If we improve the building envelope, we can increase
the indoor air temperature by 3.9 �C at night and can reduce fire-
wood consumption by 60% [12]. These strategies might be impor-
tant where biomass is not easily available for heating, especially at
high altitudes.



Table 16
Improvement of winter indoor temperatures by various strategies, from previous studies in Nepal.

District Reference Room Strategy Average temperature (�C)

Base model Improved model

Dhading Rijal and Yoshida [12] 1F (night time) (a) Reduction of open areas 18.1 18.9~30.8, 22.0*
(b) Adjustments of the opening
(c) Reduction of gap area
(d) Integrated improved

Humla Fuller et al. [21] Living room 2 (a) Reduced infiltration 13.9 14.1~16.4
(b) Improved insulation
(c) Sun space
(d) Sun space and improved insulation

*60% firewood consumption was reduced in the integrated model.

Table 17
Energy savings by lowering the winter temperature settings, from previous studies.

Country Reference Building Strategies Energy saving

Japan MOE [86] Office Lowering 1 �C in temperature setting for heating in
winter

About 10% electricity saved

China Jiang and Tovey [87] Commercial building Reducing thermostat setting by 1 �C during the 4 winter
months

14% and 7% energy saved in Shanghai
and Beijing heating

Wang et al. [88] Classroom and office Lowering indoor air temperature setting (from 25.5 to
20 �C in winter and to 22 �C in spring)

About 9.6% energy saved from
centralized heating system

Saudi Arabia Al-Sanea and Zedan [89] Air-conditioned spaces Change yearly-fixed thermostat setting (21.6~24.1 �C) to
optimised monthly fixed temperature settings
(20.1~26.2 �C)

26.8~33.6% reduction in energy costs

UK Nicol et al. [5] – Lowering 1 �C in indoor temperature setting About 10% heating energy saved in
winter
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It is also well known that if we reduce the indoor temperature
settingby1 �C for heating,we can save about 10%of energy [68]. This
trendwas confirmed in various building types in different countries
(Table 17). If we consider the low comfort temperature of this study
area, people are saving a significant amount of heating energy using
various thermal adaptations such as heavy clothing and hot drinks.

6. Conclusions

The thermal environment of traditional vernacular houses in
the extreme cold climate of Nepal was measured and a thermal
comfort survey was conducted in the winter among residents.
The following results were found:

1. The night time indoor air temperature of the kitchen is 3.8 �C,
which is 9.6 �C higher than the outdoor air temperature. Passive
heating effects are found in the earthen floors and mud roof, all
of which are effective for keeping the building warm in the cold
climate.

2. The percentage of residents’ thermal comfort zones based on
thermal sensation votes is 59%, thus the majority are satisfied
with the indoor thermal environment of the traditional vernac-
ular houses.

3. The mean comfort temperature was 10.7 �C, which is lower
than the ASHRAE and CEN standards. Due to their high clothing
insulation, the drinking of large quantities of hot butter tea, and
seating close to and around the fire, the residents comfort tem-
perature might be lower than people studied in the other cold
climates.

4. Themean comfort temperature of ‘House C’ was 12.9 �C, which is
4.5 �C and 2.3 �C higher than houses ‘A’ and ‘B’, respectively. The
results indicate that the comfort temperatures are different
within the same area,which is related to the indoor temperature.
In particular, residents appear to have a certain range of thermal
adaptation, thus the comfort temperature could be determined
by the degree of exposed indoor thermal environment.
16
5. A significant amount of heating energy can be saved through
passive building design and by lowering the heating tempera-
ture setting.

In conclusion, this research indicates that buildings and people
who live there have adapted well to extreme cold climate. In par-
ticular, the investigated buildings successfully maintained a good
indoor thermal environment. It would be beneficial to sustain the
traditional vernacular buildings for both the local climate and cul-
ture, and their passive building design methods can be imple-
mented in similar climates. People are accustomed to adjusting
their comfort level at low temperatures by wearing heavy cloth-
ing, which might be a reference to determine the lower limit of
acceptable temperature standards. For the adaptive approach,
both the thermal adaptation of buildings and people is required,
which can contribute to a significant amount of energy saved
on heating.

In this research, the thermal environment was measured for
one week, and a thermal comfort survey was conducted for
4 days; thus, a longitudinal survey is required to fully understand
the seasonal adaptation. The thermal comfort survey was con-
ducted in three houses, gathering 36 local people each hour. It
would be better to visit each house to collect a sample from
the large population. The thermal environment of the three
houses used in the experiment might be slightly different from
their own houses. This study did not collect thermal comfort
votes at night, which might also be related to the quality of sleep.
Traditional clothing is an important thermal adjustment in cold
climates that will need to be evaluated and estimated correctly
in the future. This study also did not collect physiological data
that are directly related to the thermal adaptation of people.
The low comfort temperature obtained in this field study may
need to be validated by creating similar experimental conditions.
Thus, further study might be helpful to fully understand how
buildings and people adapt to extreme cold climates, which are
located at high altitudes.
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