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Abstract: Concerning the double carbon national strategy, the energy-saving renovation of old
buildings has become one of the most important tasks of energy conservation and emission reduction
in construction in China. There are many problems, such as high energy consumption, thermal
environment, and poor thermal comfort. Taking Lhasa as an example, this study adopts field
research, questionnaire interviews, on-site measurements, numerical simulations, and other methods
to propose suitable energy-saving potential excavation points and thermal optimization strategies for
office building envelopes in Lhasa through software simulation. Additionally, typical office buildings
are selected to carry out the energy-saving renovation of envelopes with the goal of improving indoor
thermal comfort to validate the feasibility of the energy-saving renovation strategies. The results show
the following: (1) The measured and predicted thermal neutral temperatures of the office population
in Lhasa are 16.5 ◦C and 18.9 ◦C, respectively. The 90% acceptable temperature range is from 16.10 ◦C
to 21.77 ◦C, and the occupants of the office buildings in Lhasa have a higher tolerance for cold than
predicted. (2) The passive measures adapted to Lhasa are prioritized in the order of passive solar
energy, high-heat-capacity materials, and nighttime ventilation. (3) Through the optimization of the
enclosure structure of existing office buildings, the improvement of the heat storage capacity of the
outer enclosure structure, and the increase in the window opening area to increase natural ventilation,
the indoor thermal comfort of the renovated buildings is effectively improved.

Keywords: high altitude; cold climate zone; thermal comfort; office buildings; enclosure structure;
energy-saving renovation

1. Introduction
1.1. Background of the Study

Regarding global carbon emissions, China’s carbon emissions in urban areas accounted
for up to 80% [1], and the carbon emissions from the construction industry accounted for
50.9% of the total national carbon emissions [2], of which the carbon emissions from public
buildings accounted for 38% of the carbon emissions of buildings [2]. Therefore, energy
saving in urban buildings is a key aspect of realizing the double carbon goal. The 14th
Five-Year Plan period is a critical period for China to realize low-carbon development. The
14th Five-Year Plan clearly requires that the goal of a steady decline in carbon emissions
after reaching the peak be realized before 2035 [3]. The energy-saving renovation of existing
old buildings has been an important component of China’s energy-saving and emission
reduction plan in the field of construction. Among existing buildings, office buildings
account for a large stock of high energy consumption, but they have also become a key
component of the energy-saving and carbon reduction plan.

In Xizang, due to its early economic development level and relatively backward tech-
nology, the construction of the early reference design specifications is not sound, so office
buildings frequently have the disadvantages of high energy consumption, uncomfortable
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spaces, and other issues. However, due to the cold and long winter, regional architec-
tural culture, and economic development level in Lhasa, the mainland imported building
energy-saving technology and energy support system in Lhasa City is difficult to apply [4].
Therefore, there is an urgent need to develop suitable office building energy-saving reno-
vation design strategies and methods for high-altitude cold climate zones, which must be
based on the local climatic characteristics to select appropriate renovation technologies and
maximize the balance between human comfort requirements and saving energy.

1.2. Review of Chinese and International Literature

At present, Chinese and foreign research on existing building renovation strategies has
mostly been based on the economy, energy consumption, operating costs, environmental
protection, and other issues, and it is often easy to ignore the thermal comfort environment
of a building. As a result, owners are not satisfied with the actual renovation results [5].
Chantrelle et al. showed that regarding customer satisfaction after renovation, the actual
energy consumption level is closely related to the indoor thermal comfort level of the
building [6]. At present, scholars have conducted abundant research on both the effect
of energy-saving renovation and the level of indoor thermal comfort in buildings, but
the level of indoor thermal comfort has been less often used as a basis for renovation
decision-making.

In terms of indoor thermal comfort, in order to scientifically evaluate the thermal
comfort performance of buildings, Danish scholar P.O. Fanger proposed the predicted
mean vote-predicted percentage of dissatisfied (PMV-PPD) model based on the subjective
thermal sensation in an artificial climate chamber test [7]. Nicol and Humphreys proposed
the adaptive thermal comfort model in 1973 [8]. In addition to environmental parameters,
individual differences and geographical characteristics also affect human thermal sensation
and thermal comfort. To address this phenomenon, scholars in China and abroad have
carried out many studies on different climate zones, different populations, different build-
ing types, and so on. China’s climate is complex, and the current research on tropical and
temperate regions is more comprehensive. In cold climate regions, Zhu et al. proposed
that the use of a high heat capacity envelope and night ventilation passive combination
strategy in Turpan can significantly improve the thermal comfort of office buildings in
summer [9]. The concept of indoor thermal comfort energy efficiency (Bureau of Energy
Efficiency-PMV, BEE-PMV) has also been proposed in related studies. Wang et al. proposed
an evaluation model of indoor thermal comfort energy efficiency (BEE-PMV) for office
buildings in Beijing as an example, and their results showed that renovated elements,
such as the building window-to-wall area ratio and heating design temperatures, have
a greater impact on building energy consumption and indoor thermal comfort [10]. In
terms of the indoor thermal neutral temperature, for example, Xu [11], Zhu [12], He [13],
Sun [14], Xing [15], and Xing [16] explored the thermal comfort expectations of residents
in residential buildings and public buildings in hot summer and cold winter climates, hot
summer and warm winter climates, cold climates, and severely cold climates. Their results
showed that the geographic location and climatic characteristics, as well as the type of
building, all affect the thermal expectations of residents.

In terms of the renovation of existing buildings, Selvaraj et al. found that the appli-
cation of photovoltaic windows on sunny days in temperate climatic zones can achieve
both power-generating components and passive energy savings, as well as reduce glare,
compared to conventional double-glazed windows [17]. Shakila et al. showed that the
shape of the building and the ratio of the window to the wall affect the thermal comfort
of a building in tropical climates [18]. Ehab et al. showed that in the hot, arid climate
zone, strategies such as using external shading devices, improving building airtightness,
and using external wall and roof insulation are effective in reducing the annual energy
consumption rate of buildings [19]. In the hot summer and cold winter climate zones
of China, Han [20] and Wang [21] confirmed that envelope materials and construction
features have significant impacts on building energy consumption. In the cold climate zone,
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Liu et al. carried out an energy-saving renovation of the envelope of an office building
in Beijing, and their results showed that the energy-saving renovation of the envelope
can significantly reduce the winter heat load. Moreover, the energy-saving effect on the
renovation of the building’s external windows and the external wall is obvious among enve-
lope renovation measures, while the energy-saving effect of roof renovation is weaker [22].
Cui et al. conducted experimental tests on the thermal insulation characteristic parameters
of the envelope of a public building, and the coefficient, airtightness, thermal performance,
and other thermal insulation characteristic coefficients of the building envelope can achieve
a comprehensive energy-saving rate of 50.2% after reaching the standard [23]. Yu et al.
similarly confirmed that the total building load of office buildings decreases with increasing
insulation thickness [24]. In addition, in order to select ideal energy-saving renovation
solutions, Chen et al. proposed the concept of the demand–response effect (DRE) and con-
structed a corresponding evaluation index system for energy-saving renovation solutions
for existing buildings. They proposed that the gray correlation projection method based
on the improvement of discrimination coefficients not only achieves the preference for
energy-saving renovation solutions for existing buildings but also analyzes the strengths
and deficiencies of each solution [25].

Through analysis and summary of Chinese and foreign literature, it was found that
abundant research has been carried out on energy-saving building renovation in different
climatic zones, especially retrofitting to reduce the winter heat load in cold climatic zones.
However, although Xizang has the same cold climate zone, its geographic location is special,
and thus, it has its own system of climate characteristics. Therefore, the results of the current
research on other cold climate zones cannot be fully applied to the Xizang region. In this
study, Lhasa, a representative city in high-altitude cold climate zones, was taken as the
research object. This area has a long sunshine duration and strong solar irradiance. We
explored the energy-saving potential excavation points and thermal optimization strategies
for the office building envelope in Xizang using the indoor thermal comfort of the office
workers as the basis of the renovation decisions. Specifically, the objectives of this study
were the following: (1) to summarize the current characteristics of the existing office
buildings in Lhasa and their thermal environment and thermal comfort problems; (2) to
clarify the indoor thermal neutral temperature of office buildings in Lhasa; and (3) to
propose the potential points of envelope energy-saving and thermal optimization strategies
for office buildings in Lhasa. (4) Typical office buildings were selected for envelope energy-
saving renovation with the goal of improving indoor thermal comfort to verify the feasibility
of energy-saving renovation strategies.

2. Materials and Methods
2.1. Overview of the Study Area
2.1.1. Geographic Location and Climatic Characteristics of Lhasa City

Lhasa is located on the southwestern border of China. According to the Köppen
climate zone (Figure 1), Lhasa has a warm summer and a dry, cold winter (Dwb) [26] and
is characterized by thin air, distinct dry and rainy seasons, low temperatures with small
annual differences and large daily differences, and the precipitation is low throughout the
year, and it is concentrated in July and August and mostly at night. Lhasa City has strong
solar radiation and long sunshine hours. The annual sunshine hours can reach more than
3000 h, providing very rich solar energy resources (Figure 2) [27].

2.1.2. Characteristics of the Current Situation of Office Buildings in Lhasa City

Lhasa City has a pleasant summer climate, indoor shade, and basically no cooling
requirements; therefore, in this study, we focused on the winter indoor thermal comfort of
office buildings. A nearly one-month field visit was conducted to investigate the heating
types of nearly 20 office buildings, and it was found that the heating systems of the existing
old office buildings in Lhasa City were mainly passive type systems. The passive type
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systems were divided into direct benefit, heat collection and storage wall, and additional
sun room types.
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Figure 2. Climatic conditions in Lhasa.

This study comprehensively considered factors such as the age of the building, the
heating form, and the potential for energy-saving renovations and then selected the corre-
sponding typical buildings to be analyzed for the four types of heating forms. The south
side of the comprehensive office building of the Department of Housing and Urban and
Rural Development (A), the north side of the comprehensive office building of the Depart-
ment of Housing and Urban and Rural Development (B), the Lhasa Municipal Bureau of
Land and Resources (C), and the Xizang Autonomous Region Association for Science and
Technology (D) were selected as the typical representatives of the direct beneficial type, the
active type of heating, the thermal storage wall, and the additional sunroom, respectively,
in this study. The characteristics of the buildings, the heat collection method, the heat
utilization process, and the specifications are shown in Table 1.

Table 1. Basic information for typical office buildings in Lhasa.

Typical
Buildings Heating System Physical Characteristics Heat Collection Methods and Heat

Utilization Processes Specifications

A Direct beneficial type
15 years; 5 floors; white exterior

finish; building area of approximately
18,120.49 m2

Large south-facing glass windows
capture direct solar radiation and utilize

furniture and floors to absorb
stored heat.

Fast cooling at night and indoor
temperature fluctuations; simple

construction, construction,
management, and maintenance

are convenient.

B Active type of heating
15 years; 5 floors; gray exterior;

building area approximately
18,120.49 m2

Converting solar energy into electricity
to provide power for the building;

utilizing the collector system to provide
domestic hot water, heating, or cooling.

The heating effect is good, the
temperature is stable, and the scope of

application is wider.

C Thermal storage wall
13 years; 7 floors; gray exterior finish;

building area approximately
19,227.15 m2

The heat storage wall is covered with
glass, leaving an air layer in the middle,

with an air inlet and outlet at the
bottom and top of the wall for

convection circulation, and the vents
are closed at night to stop the work.

The indoor temperature can be
automatically adjusted according to the

opening and closing of the air outlet,
the construction is more complicated

than the direct beneficiary type, and the
warming is slow.
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Table 1. Cont.

Typical
Buildings Heating System Physical Characteristics Heat Collection Methods and Heat

Utilization Processes Specifications

D Additional sunroom
13 years; 4 floors; light yellow
exterior finish; building area

approximately 2777.38 m2

The south room is buffered by enclosing
the space with transparent material to

store heat and raise the room
temperature during the day and
insulated curtains to separate the

sunroom from the main room at night
to stop heat loss.

The amount of material has a high cost,
the temperature difference between day
and night is large, summer daytime is
too hot, and the sun can be combined
with green plants to increase indoor

humidity, as well as buffer the indoor
cold air in the room.

2.2. Research Framework

The research framework of this study is shown in Figure 3. In the first step, the current
characteristics and heating forms of existing office buildings in Lhasa are understood
through field research. In the second step, three typical office buildings in Lhasa are
selected to evaluate the current status of the indoor thermal environment and thermal
comfort characteristics through questionnaire surveys combined with thermal environment
tests and to identify energy-saving renovation objects. At the same time, the demands of
the local office workers for thermal comfort are clarified, and the indoor thermal neutral
temperature is determined, which provides a basis for setting boundary conditions in the
subsequent numerical simulation. The third step is to simulate the changes in the comfort
zone of different passive energy-saving solutions in Lhasa through the Weather Tool
(vision 3.0) simulation software to determine the appropriate local passive building design
strategies and then propose the appropriate energy-saving potential of the envelope of office
buildings for the Lhasa area. Based on this, we propose a suitable energy-saving potential
excavation point and thermal optimization strategy for office buildings in the Lhasa area. In
the fourth step, we carry out the energy-saving renovation of the enclosure structure of the
renovation object and comprehensively evaluate the energy-saving renovation plan with
the goal of improving indoor thermal comfort to verify the feasibility of the energy-saving
renovation strategy.
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2.3. Objects for Energy-Saving Optimization and Renovation

For the energy efficiency of buildings in cold regions, the body shape coefficient and
the window-wall area ratio are two very important controlling indexes, but the energy-
saving renovation of existing buildings cannot be optimized and strengthened from the two
aspects of the body shape and the window-wall area ratio. It can only be renovated based
on the aspect of changing the thermal insulation measures of the enclosure structure [28].
Therefore, enclosure structures such as walls, roofs, doors, and windows were the focus of
this study on energy-saving renovation.

Based on the results of field research and questionnaire interviews, it is concluded
that among the three typical buildings, mainly building D has problems with the two
aspects of enclosure structure and thermal comfort. So, this study selects building D as
the object of energy-saving optimization and renovation. This office building is a single
corridor type, with a height of four floors; the building heating method is an additional
sunroom, the main entrance of the building faces south, the south side mainly contains
offices, and the stairwell is in the north part of the building. In order to capture more
sunlight, a south-facing glass curtain wall was constructed from the second floor to the
fourth floor, and the glass curtain wall had a certain tilt (Figure 4). However, the problem
is that there is no separation between each floor and the glass curtain wall. It was found
that the room temperature of the office has a large temperature difference between day and
night, and this difference is far greater than the thermal comfort range of the human body
in office buildings in Lhasa City. In addition, the glass curtain wall has a small number
of openings and a small area, causing serious ventilation deficiencies and a stuffy indoor
space in summer.
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The envelope construction practice of building D is shown in Table 2, and based on
the corresponding thermal conductivity values of each material in the second edition of the
Architectural Design Sourcebook [29], the envelope construction values are substituted into
Equation (1) to calculate the thermal resistance value of the envelope, and then the obtained
thermal resistance value is substituted into Equation (2) to calculate the heat transfer
coefficient of the envelope. The heat transfer coefficient of the envelope of building D
is shown in Table 3, and the limitation of the heat transfer coefficient in Table 3 refers
to the “Xizang Autonomous Region Energy Saving Design Standard for Civil Buildings”
(DBJ540001-2016) [30].

R = d/λ, (1)

where R is the thermal resistance of the material ((m2·K)/W); d is the thickness of the
material (m); and λ is the thermal conductivity of the material (W/(m·K)).

K = 1/R, (2)
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where K is the heat transfer coefficient of the material (W/(m2·K)).

Table 2. Characteristics of the enclosure structure construction of building D.

Type of Enclosure Tectonic Resistance Measures

External wall 20 mm cement mortar + 370 mm heavy mortar clay + 20 mm lime mortar
Interior wall 20 mm cement mortar + 180 mm crushed stone, pebble concrete + 20 mm cement mortar
Roofing 20 mm cement mortar + 200 mm aerated concrete + 130 mm reinforced concrete + 15 mm cement mortar
Floor 20 mm cement mortar + 100 mm reinforced concrete + 20 mm cement mortar + gypsum board ceiling
Ground level 100 mm plain concrete + 20 mm paste layer + 30 mm terrazzo flooring
External window Glass curtain wall, 10 mm ordinary single-layer glass

Table 3. Heat transfer coefficients and limit values of the enclosure structure of building D.

Type of Enclosure Heat Transfer Coefficient
(W/m2·K)

Heat Transfer Coefficient Limits
(W/m2·K) Exceeded Limits (%)

Facade/Glass Curtain Wall 1.97 0.6/0.55 328%/358%
Roofing 0.98 0.45 211%

External window 3.1 2.0 155%

Through field research and thermal calculations, the values of the heat transfer coeffi-
cient of the exterior walls, roofs, and windows of building D exceed 1.5–3.5 times the limit
value stipulated in the standard, and there is a large amount of energy-saving space for the
renovation of the building’s exterior enclosure structure.

2.4. Data Collection
2.4.1. Questionnaires

In this study, a questionnaire survey combined with a flow test was used to understand
the thermal sensation and thermal comfort condition of the subjects and then determine
the indoor thermal neutral temperature of the subjects during the test period to clarify
the needs of the local office workers for thermal comfort and to provide a basis for the
setting of boundary conditions for the numerical simulation discussed in the following
section. However, conducting only questionnaire interviews with building D would result
in a smaller sample size, and it would be difficult to accurately reflect the indoor thermal
neutral temperature of the office population in Lhasa. Therefore, in this study, questionnaire
interviews were conducted with the office populations of buildings A, B, C, and D.

The questionnaire consisted of three parts. The first part consisted of the subject’s basic
information, including age, gender, height, weight, ethnicity, and time living in Lhasa. The
second part consisted of the subject’s current attire. Table 4 shows the thermal resistance
values of common clothing in Lhasa [31]. The third part consisted of the subject’s thermal
sensation and thermal comfort condition, which were measured using the American Society
of Heating, Refrigerating and Air-Conditioning Engineers (ASHARE) 55-201 seven-level
thermal sensation scale of the ASHRAE, i.e., cold (−3), cool (−2), slightly cool (−1), neutral
(0), slightly warm (1), warm (2), and hot (3), and the five-level thermal comfort scale, i.e.,
intolerable (−2), very uncomfortable (−1), uncomfortable (0), slightly uncomfortable (1),
and comfortable (2) [32]. The questionnaire is shown in Appendix A.

Table 4. Thermal resistance values of common garments in Lhasa.

Clothing
Thermal

Resistance Value
(clo)

Clothing Thermal Resistance
Value (clo) Clothing Thermal Resistance

Value (clo)

Light jacket 0.20 Thin outer pants 0.15 Leather shoes 0.02
Heavy jacket 0.50 Woolen pants 0.24 Galoshes 0.05

Woolen knitwear 0.25 Long underwear pants 0.15 Sneakers 0.03
Thick sweater 0.36 Long-sleeved underwear 0.20 Thick skirts 0.23

Long-sleeved T-shirt 0.08 stocking 0.02 Thick outer pants 0.24
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The questionnaire interviews were conducted from 15 January 2019 to 31 January 2019,
and the questionnaires were distributed during four time slots: 10:00, 13:00, 16:00, and 19:00.
The questionnaires were filled out while the current thermal environment parameters were
recorded, and these parameters were used to evaluate the indoor thermal environment
of the office and the thermal comfort condition, as well as calculate the indoor heat. The
thermal neutral temperature of the office population in Lhasa was also calculated.

2.4.2. Field Measurements
Field Measurement Program

The environmental parameter data mainly consists of outdoor environmental parame-
ters and indoor environmental parameters. The outdoor meteorological parameters were
adopted from the hour-by-hour observation data of the ground meteorology of the Lhasa
Meteorological Bureau, and the selected data are meteorological data from the Lhasa Na-
tional Basic Meteorological Station (Station No.: 55591). The acquisition of indoor thermal
environment data was divided into two stages. In the first stage, the mobile observation
method was used, combined with questionnaire interviews and the recording of thermal en-
vironment data from buildings A, B, C, and D, and the test period was from 15 January 2019
to 31 January 2019, at 10:00, 13:00, 16:00, and 19:00. The thermal environment data for the
environment in which the respondents were located at the time of filling out the question-
naire were recorded, and these data were used to evaluate the indoor thermal environment
of the office and the thermal comfort condition to determine the object of energy-saving
renovation and to calculate the thermal neutral temperatures of the office population of
Lhasa. In the second stage, the fixed-point observation method was used, and the test
object was our renovation object, building D, to further understand the indoor thermal
environment change characteristics of the renovation object. The test was conducted from
9:00 to 21:00 on 23 January 2019 and 24 January 2019. The thermal environment parameters
located 1.5 m above the ground were collected at 15 min intervals, and the measured indoor
environment parameters included indoor temperature, relative humidity, black sphere
temperature, and wind speed. The average radiant temperature was calculated from the
temperature, relative humidity, black sphere temperature, and wind speed using a formula
from a previous study [33].

Layout of Measurement Points

As illustrated in Figure 5, for building D of the standard floor plan, for the third floor,
the fourth floor on the south side to the middle of the office, a measurement point was set
up, and a control GSP-958 automatic temperature and humidity recorder and WFWZY-1
universal wind speed and wind temperature recorder were deployed to test the changes in
the thermal environment parameters of the selected room.
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Testing Instruments

In this test, a GSP-958 recorder was used to measure the room temperature and relative
humidity, a JTR04 black globe temperature tester was used to measure the black globe
temperature, and a WFWZY-1 universal wind speed and wind temperature recorder was
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used to measure the indoor wind speed. The parameters of each instrument are presented
in Table 5. The instruments used are in accordance with the ISO 10551 (2019) standard [34].

Table 5. Instrument Information.

Instrument Measurement
Parameters

Measurement
Range

Instrument
Accuracy Instrument Photos Manufacturer and

Location

GSP-958 Recorder
Room

temperature/relative
humidity

−20–60 ◦C/
0–99.9%RH ±0.5 ◦C/±3% RH
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JTR04 Black Globe
Temperature Tester

Black globe
temperature −20–125 ◦C Ambient

temperature ±0.2 ◦C
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2.5. Indoor Thermal Comfort Evaluation Indicators

In this study, the PMV-PPD index was chosen as the indoor thermal comfort evaluation
index. The PMV-PPD thermal comfort model is the earliest mathematical model for human
thermal regulation. The PMV value, proposed by Prof. P. O. Fanger from Denmark, is
an evaluation index that characterizes the human thermal response and represents the
average of the hot and cold sensations of the majority of people in the same environment.
The PPD index is the average voting rate of the group expected to be dissatisfied with
the thermal environment in a hot environment, and it is the average turnout of the group
of people who are dissatisfied with the thermal environment. The PMV-PPD has been
widely used in the evaluation of indoor thermal comfort. It is flexible, provides a more
intuitive reflection of the thermal environment, and can be combined with dynamic thermal
comfort [10,24,32,35].

China’s relevant norms and standards also define the PMV-PPD values, in which
the determination of the PMV and PPD indices of medium thermal environments and
the provisions of thermal comfort conditions GB/T18049 designates the thermal comfort
range suitable for the population in China when −1 ≤ PMV ≤ +1 for the relative comfort
range [36]. In addition, Article 4.2.4 of the Evaluation Standard for the Indoor Thermal
and Humid Environment of Civil Buildings GB/T50785-2012 states the overall evaluation
indexes of the PMV-PPD (Table 6) [37].

Table 6. Overall evaluation criteria for PMV-PPD under artificial heat source conditions.

Level Evaluation Indicators

I PPD ≤ 10% −0.5 ≤ PMV ≤ +0.5
II 10 ≤ PPD ≤ 25% −1 ≤ PMV ≤ −0.5 or +0.5 ≤ PMV ≤ +1
III PPD ≥ 25% PMV < −1 or PMV > +1

There have been complete formulas for the calculation of PMV and PPD values for
many years, but since the calculation of PMV equations is a complex nonlinear process,
most researchers at this stage use software to calculate PMV, and some commonly used
software tools are the “Matlab 2018b” and “Chenguang HVAC Calculator Tools Version
3.00 (CGTools)” [38]. Chenguang HVAC Calculator Tools are composed of seven commonly
used HVAC calculation tools: the PMV value calculation of the thermal comfort index,
the wet air state parameter calculation, the air treatment process calculation, enthalpy
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and humidity diagrams, the water pipe resistance calculation, and the air duct resistance
calculation. The software is programmed in Windows with a user-friendly interface and is
easy to use. Therefore, Chenguang HVAC Calculator Tools were selected for this study to
calculate the PMV-PDD values.

3. Results

A total of 150 questionnaires were distributed, and 133 questionnaires were returned,
with a validity rate of 88.6%. The interviewees were mainly young and middle-aged, with
an age range of 22–55 years old and an average age of 36 years old. Overall, 60.1% of the
respondents were male, and 39.9% were female, and the results of the questionnaire could
reflect the thermal sensation and thermal comfort of the existing office buildings in Lhasa
in winter.

3.1. Analysis of Indoor Thermal Comfort of Office Buildings in Lhasa City

The indoor thermal environment of buildings A, B, C, and D was evaluated. The
average PMV and PPD values of the four periods of 10:00, 13:00, 16:00, and 19:00 are shown
in Table 7. The evaluation grade of building A is II in the morning and evening, and the
evaluation grade of the office reaches I at noon and in the afternoon, from which it can be
seen that the passive solar building is strongly dependent on solar radiation. The indoor
thermal comfort rating of the building B office is also lower than that of the south office
because of the lower solar radiation received by the office. The PMV and PPD values of the
tested office in building C are within an acceptable range, the evaluation grade is II in the
morning and I in the afternoon and evening, and the overall thermal comfort is the best.
The indoor thermal comfort of our renovation object is the worst; the evaluation grade of
the morning office is III, and the evaluation grade of the noon and afternoon office is II. This
once again explains the reason why we chose building D as the object of transformation.

Table 7. Calculation of PMV and PPD in the office.

A B C D

PMV PPD Rank PMV PPD Rank PMV PPD Rank PMV PPD Rank

10:00 −0.8 15.52% II −1.3 44.52% III 0.9 19.15% II −1.8 64.09% III
13:00 −0.1 5.36% I −0.8 18.35% II −0.4 9.04% I 0.8 16.41% II
16:00 −0.1 5.83% I −0.3 7.94% I 0 5.03% I 1 21.9% II
19:00 −0.6 12.07% II −0.5 9.36% I −0.2 6.77% I −0.2 6.22% I

3.2. Thermal Neutral Temperature

In this paper, the room temperature, as an important indicator of the indoor thermal
comfort level, is used as the independent variable, and the mean of the actual thermal
sensation vote (MTS) and the mean of the predicted thermal sensation (PMV) of the subjects
are used as the dependent variables. The linear regression analyses are performed using
the SPSS 26.0 statistical analysis software. The results are shown in Figure 6.

The regression equations used to calculate the mean room temperature and the subjects’
actual thermal sensation voting mean MTS and predicted thermal sensation mean PMV are
as follows:

MTS = 0.171RT − 2.819, R2 = 0.7467, (3)

PMV = 0.176 RT − 3.333, R2 = 0.9943. (4)

The closer the R2 value of the regression equation is to one, the better the fit of
the square program is. The R2 values of both equations are greater than 0.5, indicat-
ing that the regression equations can better reflect the relationships between the RT and
the MTS and PMV and that the RT has significant positive influences on the MTS and
PMV. When MTS = 0 and PMV = 0, the measured and predicted thermal neutral tempera-
tures are 16.5 ◦C and 18.9 ◦C, respectively, and the 90% acceptable temperature range is
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16.10–21.77 ◦C. The predicted thermal neutral temperatures are higher than the measured
thermal neutral temperatures, which indicates that the occupants of the office buildings
in Lhasa City have a higher tolerance to cold than the predicted tolerance. In terms of the
slope of the fitted curve, the MTS slope k = 0.171 is slightly smaller than the PMV slope
k = 0.176, indicating that the sensitivity of the office workers to temperature changes is
slightly smaller than the predicted sensitivity and that none of the investigated offices
had a standard heating system, the indoor thermal environment was in a nonsteady-state
condition, and the office workers regulated themselves to adapt to the cold environment by
drinking hot water, adding clothes, and other artificial means.
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In summary, the human body’s adaptation to the environment makes the actual com-
fort temperature of office workers in winter lower than the theoretical comfort temperature,
which indicates that the people who use the office buildings in Lhasa City are more adapt-
able to the cold environment. Moreover, the office workers easily feel contented with the
environment, so the range of comfort in the actual environment is also wider.

3.3. Analysis of the Indoor Thermal Environment of the Renovation Object

To further characterize the indoor thermal environment of building D, which is the
object of our energy-saving renovation, due to the cold climate in Lhasa, the number of
window openings for air exchange in the test office is not high, and the window opening
area is very small. Hence, the indoor wind speed is very small and tends to be close to
zero. In addition, the average ambient radiant temperature in winter is roughly equal to
the average indoor temperature in terms of numerical value, so the study takes the air
temperature and relative humidity as the main indicators to analyze [38].

As shown in Table 8, the outdoor weather conditions were stable during the test period,
and the difference between the average values of outdoor air temperature and relative
humidity was very small, so the thermal environment test conditions indoors in the office
of building D were basically unaffected by the outdoor weather change. The difference
between the average values of indoor air temperature and relative humidity on the two
days was small, and the changing trend was largely the same. As shown in Figure 7, the
daily difference in indoor temperatures of these two offices was larger, and the indoor
temperatures peaked at around 15:00. This is due to the fact that the indoor warming of
the office mainly relies on heat gain from solar radiation, which is weaker in the morning
and evening and reaches its maximum value around 13:00. Since it takes some time for the
heat gained indoors to be converted into air temperature, the peak indoor temperature is
delayed by approximately 2 h compared to the peak solar radiation intensity. As shown
in Table 8, the standard deviation (SD) of the indoor relative humidity is smaller, and the
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variation in relative humidity is relatively more stable compared to the indoor temperature.
This is due to the generally low relative humidity during winter in Lhasa, and the indoor
RH variations are largely the result of people’s self-regulating behaviors, such as the use
of humidifiers, the installation of additional greenery, and other measures. We found that
the temperature in the office on the fourth floor was lower than that in the office on the
third floor, but the humidity was higher than that in the office on the third floor. This is
presumed to have occurred because the frequency of use of the office on the third floor
and the number of office workers during the test period was higher than that of the office
on the fourth floor, and the higher frequency of use of the heating equipment caused the
temperature to rise, while at the same time increasing the indoor humidity loss.

Table 8. Descriptive statistics of room temperature and relative humidity in the office.

23 January 24 January

Outdoor 3F 4F Outdoor 3F 4F

OT RH RT RH RT RH OT RH RT RH RT RH

Minimum −7.26 13.00 8.00 7.20 9.00 9.10 −9.51 6.00 8.10 5.30 9.20 7.30
Maximum 5.15 44.00 30.80 16.20 22.40 14.60 5.82 48.00 32.60 16.40 23.00 15.00

Mean −0.43 21.31 19.81 10.45 15.87 11.56 −1.11 16.69 21.37 9.56 16.85 11.08
SD 4.55 9.82 7.11 3.45 4.30 2.15 5.51 13.10 7.48 4.39 4.56 2.93
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3.4. Enclosure Optimization and Simulation Verification Analysis
3.4.1. Optimization Objectives and Optimization Scheme
Selection of Optimization Measures

Weather Tool is an ecological design software program for buildings that was devel-
oped by Square One in the UK. It can analyze the climate data for a certain region for 8760 h
in a year and then convert the data into a variety of graphical vocabularies that are easier
to understand. The enthalpy and humidity diagrams can visualize the appropriate passive
building design strategies in the region [39–41]. In this study, Weather Tool software was
used to simulate the comfort zone changes of different passive building design strategies
in the Lhasa area to determine the suitable local passive building design strategies and,
based on this, to identify the suitable energy-saving potential excavation points of the
envelope and thermal optimization strategies for office buildings in the Lhasa area. The
meteorological data used in this simulation are from the CSWD (Chinese Standard Weather
Data) of the China Meteorological Administration [42].

The effect of various passive measures on the thermal comfort of the building is shown
in Figure 8. The yellow column indicates the percentage of thermal comfort before the
adoption of the relevant technology, and the red column indicates the percentage of thermal
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comfort after the modification with the relevant technology. From the figure, it can be seen
that the passive measures applicable to the local climate of Lhasa City are prioritized as
passive solar energy (a), high heat capacity materials (b), and night ventilation (c). The use
of passive solar energy and other means to increase the heat gain of the building, the use of
high heat capacity materials to increase the heat storage capacity of the enclosure structure
and thus reduce heat loss, and the night ventilation can ensure the indoor temperature
during the day and increase indoor air circulation, which can improve the thermal comfort
of the office space to a large extent.
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Enclosure Optimization Scheme

Based on the passive measures suitable for the local climate of Lhasa, with the premise
of indoor thermal comfort being guaranteed, it was determined that the envelope opti-
mization measures of our energy-saving renovation object are as follows: adding a heat
preservation layer to the external wall, replacing the roof with an inverted roof with strong
heat storage capacity, replacing the single-layer glass curtain wall with a hollow double-
layer curtain wall, and increasing the window area. The architectural effect of the renovated
building is shown in Figure 9a. By calculating the heat transfer coefficient of the renovated
enclosure, it can be seen from Table 9 that the heat transfer coefficient of the renovated
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enclosure becomes smaller and more variable, which meets the limit value of the heat trans-
fer coefficient stipulated in the Xizang Autonomous Region Civil Building Energy-Saving
Design Standard [30].
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Table 9. Office building envelope energy-saving renovation program.

Renovation Site Energy-Saving Technical
Measures Construction Method Heat Transfer Coefficient

(W/m2·K)

External wall Using rock wool as insulation

10 mm cement mortar + 370 mm heavy
mortar clay + 10 mm cement mortar +

90 mm rock wool insulation layer +
110 mm air layer (including light steel

keel hangings + 10 mm granite
hanging surface)

0.31

Roofing Inverted roof

20 mm cement mortar + 2 mm thick 911
polyurethane waterproof coating +

20 mm cement mortar + 100 mm thick
extruded polystyrene (XPS) heat

insulation board + 40 mm reinforced
concrete + 20 mm cement mortar

0.41

Shutter Improve airtightness, increase
window opening ratio

Single-frame hollow double-glazed steel
sliding window (6 + 12A + 6) 2.71

Glass Curtain Walls Improvement of heat
storage capacity

Hollow double-glazed curtain wall
Internal injection of dry or inert gas

or evacuation
2.98

3.4.2. Validation Modeling

A simplified model is built with Energyplus Version 8.9.0, as shown in Figure 9b, for
the simulation of the indoor thermal environment and thermal comfort, and the simulation
parameters need to be set up first before the simulation. For the outdoor parameters, the
meteorological data for Lhasa city in a typical meteorological year are chosen, and the
data are obtained from the official website of Energyplus. The indoor parameter settings
need to be set for different room functions, and the office building is divided into the
three categories of meeting rooms, offices, and transportation spaces according to the plan
function. The indoor thermal disturbance settings refer to the relevant provisions of the
“Energy-Saving Design Standards for Public Buildings (GB 50189-2015)” [43]. The indoor
design parameters are set in combination with the results of the thermal environment
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test, the thermal comfort questionnaire, and the clothing thermal resistance. The relative
humidity is taken as the average value of the test, and the maintenance temperature is
based on the value of the thermal neutral temperature calculated as discussed in Section 3.2.
Since the measured wind speed value is small and tends to be close to zero, the wind speed
is set with reference to the standard of indoor wind speed in winter stipulated in the book
of Building Climatology, which is 0.15 m/s to 0.3 m/s [44], and in this study, the wind
speed is set to 0.2 m/s. The specific parameter settings are shown in Table 10.

Table 10. Indoor parameter settings.

Activities
Air

Exchange
Rate

Clothing
(clo) RH

Air
Velocity

(m/s)

Thermal
Neutral

Temperature
(°C)

Staffing
(People/m2)

Lighting
Power
(W/m2)

Electrical
Power
(W/m2)

Office Meditation,
typing 0.5 1.47 10.7% 0.2 18.9 0.1 9 15

Meeting Room Meditation,
typing 0.5 1.47 10.7% 0.2 18.9 0.1 9 15

Space for
transportation Walking 1 1.47 10.7% 0.2 18.9 0.1 9 15

3.4.3. Simulation Software Validation

Indoor and outdoor temperature simulations were performed throughout the year
by Energyplus Version 8.9.0 simulation software, extracting the third-floor information on
23 January and 24 January.

The simulation data for the southward middle office are compared and analyzed with
the measured data, and the calibration is carried out in the following aspects:

(1) The daily trends of measured and simulated values over the test period are plotted,
and the correlation between the two is studied.

(2) The absolute and relative errors between the measured and simulated values of
the measurement points were calculated. The root mean square error (RMSE) and
consistency index (d) [45] were introduced to quantitatively evaluate the absolute and
relative errors of the numerical simulation during the test period. The formulas for
calculating the RMSE and d values are shown in Equations (5) and (6):

RMSE =

√
∑N

i (Ci − Mi)
2

N
(5)

d = 1 − ∑N
i (Ci − Mi)

2

∑N
i (|Ci|+ |Mi|)2 (6)

where Ci is the simulated value, and Mi is the measured value.
Since experimental data obtained from field measurements inevitably contain inherent

errors, the error range of the instrument also needs to be considered in the process of
calibration and verification.

As shown in Figure 10, the measured and simulated indoor and outdoor temperature
fluctuations roughly coincide with the curve, but the measured value is lower than the
simulated value, which is partly due to the fact that building D is a passive heating
building, the indoor temperature is highly correlated with the outdoor temperature, and
the measured outdoor temperature is slightly lower than the simulated value. However,
this is due to the fact that the simulated state is more ideal, but the actual state of the office
has dynamic changes in daily office conditions. Internal disturbances in the office are in a
state of dynamic change in the daily office, and to maintain the indoor temperature, most of
the time, the office staff will not open windows, so this causes differences in the ventilation
condition in the office. Overall, the difference between the simulated and measured average
daytime indoor and outdoor air temperatures is approximately 2.5 ◦C. Considering the
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instrument’s error (±0.5 ◦C), it can be proved that the Energyplus simulation software can
respond well to the actual indoor thermal environment condition of the building.
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As shown in Table 11, the root mean squared error RMSE of the simulated prediction
on 23 January is approximately 5.40, the consistency index d is approximately 0.97, the root
mean squared error RMSE of the simulated prediction on 24 January is approximately 5.02,
and the consistency index d is approximately 0.99. The consistency indices d are all
greater than 0.9, which shows that the Energyplus simulated values are in relatively good
agreement with the actual measured values.

Table 11. Quantitative evaluation of simulated and measured values.

Dates Variant Sample Size RMSE d

23 January
RT

13 5.40 0.97
24 January 13 5.02 0.99

3.5. Comparison of Results before and after Optimization
3.5.1. Analysis of Thermal Environment Parameters

For the simulation of the room temperature of the office building before and after the
renovation, we selected the room temperature data at 9:00–21:00 on 23–24 January in the
test office for comparative analysis. The results are shown in Figure 11. After the renovation
of the office, the room temperature increased, and it was higher than the measured and
simulated room temperatures before the renovation. In particular, in the morning and
evening, the difference between the curves is smaller, and the temperature difference
between day and night is obviously reduced. The temperature increase in the fourth-floor
office after renovation is greater than that in the third-floor office, which is due to the fact
that the improvement in the thermal insulation performance after the change in the roof
construction is more significant on the fourth floor than on the third floor. The results show
that increasing the wall insulation layer, improving the airtightness of the windows, and
changing the order of the roof structure improve the heat storage capacity of the building
to a large extent, and the overall thermal insulation effect of the remodeled office building
is better than that of the original building.
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3.5.2. Indoor Thermal Comfort Analysis

The PMV and PPD results for the office building before and after the renovation
are presented in Table 12. By comparing the measured and simulated PMV-PPD values
before the renovation, it can be seen that the people who use the office building in Lhasa
City have a relatively strong tolerance for colder environments. We found that the office
workers adjusted to the colder environments by drinking hot water, adding clothes, and
other artificial means during the research period. This also proves that the judgment
standard of thermal comfort is not only related to the indoor thermal parameters, but it is a
comprehensive result jointly influenced by the human body’s physical quality, subjective
feelings, and the current state of the subject. By combining the definition criteria of the
PMV-PPD values and evaluating the simulated PMV-PPD values before and after the
renovation, it was found that after the renovation, the evaluation level reached level II
during office use time, which greatly improves the thermal comfort satisfaction of the
office building.
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Table 12. Comparison of PMV and PPD results for office buildings before and after remodeling.

Measurement Results before
Renovation

Simulation Results before
Renovation

Simulation Results after
Renovation

PMV PPD Level PMV PPD Level PMV PPD Level

10:00 −1.8 64.0% III −1.7 55.8% III −0.29 11.9% II
13:00 0.8 16.4% II −1.01 39.3% III −0.45 18.2% II
16:00 1 21.9% II −0.6 42.3% III 0.84 30.8% II
19:00 −0.2 6.22% I −0.75 42.8% III 0.65 16.6% II

4. Discussion

In this study, we explored the energy-saving potential and thermal optimization of
the envelope of the existing office buildings under high-altitude cold climate conditions.
Through field visits and research, it was found that the heating system types of the existing
old office buildings in Lhasa City were mainly passive type systems, which were divided
into direct beneficiary type, collector heat storage wall type, and additional sun room type.
In new office buildings, in order to enhance indoor comfort, heating systems mostly use
active–passive synergistic technology. This is different from cities such as Tianjin [15],
Xi’an [46], and Harbin [47], which are also in the cold climate zone, where centralized
heating and fan coil heating are mostly used. This is due to the geographic location of
Lhasa City, which has a unique advantage of solar energy resources, so maximizing the
potential of solar energy utilization in winter to enhance the thermal storage capacity of
the building can improve the indoor thermal comfort of the building to a large extent.

In this study, questionnaire interviews combined with thermal environment tests
yielded actual and predicted thermal neutral temperatures of 16.5 ◦C and 18.9 ◦C, respec-
tively, within the office buildings in Lhasa, with a 90% acceptable temperature range of
16.10–21.77 ◦C. The occupants of the office buildings in Lhasa have a higher tolerance for
cold than predicted. Shi et al. showed that in Xi’an, the actual and predicted indoor thermal
neutral temperatures of office buildings were 21.4 ◦C and 20.8 ◦C, respectively, with a 90%
acceptable temperature range of 18.8–23 ◦C [46]. Xing et al. showed that in Tianjin, the
thermal neutral temperature of office buildings in winter was 21.3 ◦C and that the comfort
zone was 15.8–27.0 ◦C [15]. Through fitting, Sun et al. calculated that in Dalian, the human
thermal neutral temperature is 19.8 ◦C, the acceptable temperature range for 80% of the
personnel is 16.0–23.5 ◦C, and the acceptable temperature range for 90% of the personnel
is 17.6–22.0 ◦C [48]. In the Design Code for Heating, Ventilation, and Air Conditioning
of Civil Buildings (GB50736-2016), it is recommended that the room temperature in cold
regions should reach 20 ◦C [49], indicating that within the same cold climate zone, there are
some differences in the demand for indoor thermal comfort among the residents, and the
office workers in Lhasa City are more tolerant of cold. In other climatic zones, many studies
have also been conducted on the indoor thermal neutral temperature of office buildings.
Xu [11] showed that in the hot summer and cold winter climatic zones, the measured
thermal neutral temperature in winter is 22.1 ◦C, and the upper limit of the acceptable tem-
perature for the entire year is 27.5 ◦C. Wu et al. showed that in the hot summer and warm
winter regions, regarding the thermal comfort of unheated office buildings, the measured
thermal neutral temperature in winter is 23.3 ◦C [50]. It can be seen that there are also
large differences in people’s thermal expectations in different climate zones. In addition
to the differences in thermal comfort brought about by climatic differences, there are also
differences in people’s thermal expectations within different building types. For example,
Wei [51] investigated the thermal comfort needs of residential buildings in cold regions and
reported an indoor thermal neutral temperature of 17.4 ◦C in winter and a heat-expectation
temperature of 22.4 ◦C. Due to the varying duration and behavior of people in different
types of buildings, there are also differences in their demand for thermal comfort.

In this study, passive measures adapted to the Lhasa region were prioritized, i.e.,
passive solar, high heat capacity materials, and night ventilation, using enthalpy and
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humidity diagram simulation and the Weather Tool simulation software. Many studies
have been conducted in cold climate zones to confirm that the energy-saving renovation
of the envelope can significantly reduce the winter heat load [22–24]. However, in Xizang,
due to the differences brought about by its geographic location and climatic conditions,
the type of winter heating in local office buildings is very different from that used in other
cold climate zones. Suitable local passive measures are predominantly preferred compared
to passive solar energy, so how to use its own advantages, i.e., using passive solar energy
technology, to enhance the thermal storage capacity of the envelope, as a way to reduce
the building energy consumption and enhance indoor thermal comfort, is more important
than in other regions.

Finally, by optimizing the envelope of a typical office building, enhancing the heat
storage capacity of the envelope, and increasing the natural ventilation, the results of this
study show that the renovated office building not only meets the limit value of the heat
transfer coefficient stipulated in the Energy-Saving Design Standard for Civil Buildings
in the Xizang Autonomous Region but also improves the indoor thermal comfort to a
greater extent.

5. Conclusions

This study proposes energy-saving potential excavation points and thermal optimiza-
tion strategies for office building envelopes in Lhasa by using field research, questionnaire
interviews, on-site measurements, and numerical simulations. The feasibility of the energy-
saving strategies is verified by carrying out the energy-saving renovation of envelopes
in typical existing office buildings with the goal of improving indoor thermal comfort.
Specifically, the following conclusions are drawn:

(1) The heating system type of established old office buildings in Lhasa is mainly passive,
and the passive type systems are categorized into the direct beneficiary type, ther-
mal collector wall type, and additional sunroom type, unlike in other cities in cold
climate zones.

(2) The measured and predicted thermal neutral temperatures in Lhasa are 16.5 ◦C and
18.9 ◦C, respectively, with a 90% acceptable temperature range of 16.10 ◦C to 21.77 ◦C,
so the population of the office building occupants in Lhasa has a higher tolerance for
cold than predicted.

(3) Passive measures adapted to the Lhasa area are prioritized as follows: passive solar
energy, high heat capacity materials, and night ventilation.

(4) Optimizing the envelope of existing office buildings, enhancing the heat storage
capacity of the external envelope, and increasing the window area’s natural ventilation
can effectively improve the indoor thermal comfort of the renovated building.

Due to the limited conditions, this study has some shortcomings. Because of the
limited testing instruments and personnel, we only collected thermal environment data for
the middle-floor office of the selected objects, and we did not test the side offices, leading
to a lack of lateral data comparison. In addition, we only conducted basic research on the
indoor space thermal comfort of the existing office buildings in Lhasa City, as well as the
feasibility of renovating the enclosure to regulate thermal comfort. In the future, it will be
necessary to continue to explore and study more in-depth issues and to simulate, analyze,
and compare more energy-saving renovation technologies.
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Appendix A

Questionnaire on Indoor Thermal Comfort for Office Workers in Winter

Thermal environment parameters:
Air temperature:__________ Black sphere temperature:__________
Relative air humidity:__________ Indoor air speed:__________

1. Basic information:

Gender:__________ Age:__________ Height (cm):__________ Weight (kg):__________
How many years have you lived in Xizang:__________

2. Current dressing situation:

Tops: Shirt□, Autumn clothes□, Underwear□, Thin sweater□, Thick sweater□, Thin
coat□, Thick coat□, Down jacket□, Cotton jacket□, Tweed coat□, Trench coat□, Jumper□,
Jacket□, Tibetan shirt□.

Bottoms: Autumn trousers□, Wool trousers□, Trousers□, Long loose-fitting sweatpants□,
Cotton trousers□, Dresses□, Skirts□.

Footwear: Sports shoes□, Leather shoes□, Casual shoes□, Boots□.
Hosiery: Thick cotton socks□, Thin cotton socks□, Ankle socks□, Knee socks□,

Pantyhose□.

3. Your activity status during the 30 min prior to the survey (single choice):

Sitting and relaxing□, Sedentary in the office□, Resting in place□, Standing, slow
walking, or relaxing□, Fast walking□, Running or intense activities□.

4. Are you taking steps to cool or warm your room at this time (multiple choice)?

Cooling: Central air-conditioning□, Wall-mounted air-conditioning□, Electric fan□,
Window ventilation□, Humidifier□, Water in pots□, Green plants□.

Heating: Electric heater□, Small sun□, Air conditioner□, Local heating measures
(hand warmers, foot warmers, electric blankets)□, No measures□, Others. __________

5. Your heat sensation at this time is (single choice):

Hot and cold sensation: Hot□, Warm□, Slightly warm□, Moderate□, Slightly cool□,
Cool□, Cold□

Moisture sensation: Very damp□, Damp□, A little damp□, Comfortable□, A little
dry□, Dry□, Very dry□

Feeling of wind blowing: Very stuffy□, Stuffy□, A little stuffy□, Comfortable without
wind□, Comfortable with wind□, A little windy□, A lot of wind□.

6. Your thermal comfort at this time (single choice):

Extremely uncomfortable□, Slightly uncomfortable□, Fairly comfortable□, Very
comfortable□.
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7. Your acceptance of indoor hot and cold environments (single choice):

Totally unacceptable□, Unacceptable□, Slightly unacceptable□, Acceptable□, Totally
acceptable□.

8. How would you like to see the parameters of the indoor thermal environment
improved at this time (multiple choice)?

Temperature: Increase□, No change□, Decrease□.
Humidity: Increase□, No change□, Decrease□.
Wind speed: Increase□, No change□, Decrease□.

9. What would you use to enhance thermal comfort (multiple choice)?

Existing environment is comfortable and does not require adjustment□, Open win-
dows and doors for ventilation□, Close windows and doors to keep warm□, Add more
clothes□, Subtract more clothes□, Drink hot water□, Light activity□, Increase heating/air
conditioning temperature□, Reduce activity level□, Other□.
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