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Abstract: In China, a surging urbanization highlights the significance of building energy conservation.
However, most building energy-saving schemes are designed solely in compliance with prescriptive
codes and lack consideration of the local situations, resulting in an unsatisfactory effect and a waste
of funds. Moreover, the actual effect of the design has yet to be thoroughly verified through field
tests. In this study, a method of modifying conventional building energy-saving design based on
research into the local climate and residents’ living habits was proposed, and residential buildings
in Panzhihua, China were selected for trial. Further, the modification scheme was implemented in
an actual project with its effect verified by field tests. Research grasps the precise climate features
of Panzhihua, which was previously not provided, and concludes that Panzhihua is a hot summer
and warm winter zone. Accordingly, the original internal insulation was canceled, and the shading
performance of the windows was strengthened instead. Test results suggest that the consequent
change of SET* does not exceed 0.5 °C, whereas variations in the energy consumption depend on the
room orientation. For rooms receiving less solar radiation, the average energy consumption increased
by approximately 20%, whereas for rooms with a severe western exposure, the average energy
consumption decreased by approximately 11%. On the other hand, the cost savings of removing the
insulation layer are estimated at 177 million RMB (1 USD ~ 6.5 RMB) per year. In conclusion, the
research-based modification method proposed in this study can be an effective tool for improving
building energy efficiency adapted to local conditions.

Keywords: passive energy-saving design; residential buildings; hot summer and warm winter zone;
field test

1. Introduction

To cope with climate change and control the global increase in temperature, energy
conservation and a reduction of emissions have become global issues. Countries and
economies with carbon emission targets account for approximately 75% of world’s gross
domestic product (GDP) [1,2]. The building industry, which consumes as much as 45% of
total primary energy worldwide, has been recognized as highly energy-intensive and one
of the biggest contributors to global carbon emissions [3-5].

Building energy conservation has been attracting attention from governments and
academia. Germany started making efforts toward achieving green buildings during
the 1970s and has obtained considerable achievements [6]. The UK government pledged
to upgrade the energy efficiency of 7 million residential buildings by 2020 and thereby
achieve a 29% reduction in carbon emissions [7]. The European Union proposed the Energy
Performance of Buildings Directive (EPBD), which requires that all new constructions be
near zero energy buildings by the end of 2020, and the time limit for existing buildings
is 2050 [8]. To achieve the goals set by EPBD, Italy has adopted legislative measures to
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reduce energy consumption of new residential buildings [9]. To encourage a decrease
in building emissions and elevating energy efficiency, the United States has launched
three major voluntary information programs, namely, the US Environmental Protection
Agency’s Energy Star Program, the US Green Building Council’s Leadership in Energy and
Environmental Design, and the US Department of Energy’s Better Buildings Challenge [10].
Apart from reducing energy consumption, the “cost-optimal level” is another important
performance requirement for buildings. Previous research used Life Cycle Cost analysis
(LCC) to determine the “cost-optimal level” with the case study involving a social housing
building in Italy [11].

Compared with developed countries, China is facing a more severe challenge in
building energy-saving. The building industry has long served as a pillar of China’s
economy. In 2015, the total output of the building industry alone accounted for 26.4% of the
domestic GDP [12]. However, many new buildings in China fail to meet the energy-saving
standards. In addition, a large percentage of the existing buildings consume excessive
energy [13].

In fact, building energy-saving efforts in China can trace back to the 1980s, starting
from the cold and severe cold regions in the north and gradually promoted to the south.
The goal has also evolved from simply saving energy to realizing energy sustainability [14].
During this process, a series of standards had been established [15-19]. As required, an
energy-efficient building should comply to the design codes and meet the constraint value
of energy consumption index, while achieving satisfactory indoor environment by ele-
vating the energy efficiency. The building thermal design method and relevant database
established based on the energy saving demand of buildings in the north have been used
thus far. However, it is not necessarily reasonable for southern regions to follow the north-
ern design codes owing to their diverse climatic features. The northern codes mainly focus
on reducing the heating load in winter, and thus place special emphasis on the insulation
performance of the envelope. However, quite a few studies have revealed that excessive
thermal insulation may significantly increase the annual cooling energy consumption for
buildings in hot and humid climate zones [20-22]. Moreover, the standards only provide
meteorological data collected several decades ago for a small number of representative
cities. These data can be obsolete and are still not adequate to refine the division of climate
zones in China. As a result, the real climatic characteristics of some areas may differ widely
from those suggested by the design standards. Previous studies have noted that it is
difficult to optimize the general energy efficiency and ensure the long-term performance
of the building through a rigid adherence to prescriptive codes and design norms [23-26].
Therefore, comprehensively improving the building energy efficiency in China requires the
design standards to be rooted in the local conditions and quickly upgraded, particularly
for the south.

Another deficiency regarding studies on building energy-saving design is that few
researchers have presented field measurements from actual cases [27]. The effective-
ness of the design is only estimated through simulations. By contrast, few studies have
combined energy consumption and thermal comfort index when evaluating the design
scheme [28-30].

In this study, a method of modifying conventional building energy-saving design
based on research into the local climate and residents’ living habits was proposed, and
residential buildings in Panzhihua, a city in southwest China, were selected for a trial.
The upgraded design scheme is implemented in an actual project and field tests are being
conducted to comprehensively evaluate its effects. Both energy consumption and thermal
comfort are taken into consideration.

2. Methods

Figure 1 shows a flowchart of the modification method to introduce its application
process and underlying logic more intuitively. This study followed the procedures shown
in the figure, and each step is introduced in detail as below.
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Indoor environmental quality index

Figure 1. Flow chart of the modification method of building energy-saving design proposed in this study.

2.1. Field Research

The field study consists of two aspects: the real climatic characteristics of Panzhihua,
and the cooling and heating methods and habits of local residents. Four districts and
counties of Panzhihua City, namely Bingcaogang (East District), Miyi County, Renhe
District, and Yanbian County, were selected to study the climatic characteristics. Locations
of the districts and counties are shown in the map of Panzhihua (Figure 2). The hourly
outdoor dry bulb temperature, relative humidity, and other parameters during a recent
10-year period (2009-2018) were analyzed. According to the climate zoning method in the
Chinese national standard “Code for Thermal Design of Civil Building” [15], the average
temperature of the coldest month, the average temperature of the hottest month, the
number of heating degree days and the number of cooling degree days were counted as the
main indicators of Panzhihua, thereby determining the actual climate zone of Panzhihua
and thus the corresponding building energy-saving design schemes.

The cooling and heating habits of the residents were investigated through on-site
inquiries and questionnaires. The survey was mainly conducted in Panzhihua City’s
main urban areas (East District, West District, and Renhe District) as well as in Yanbian
County and Miyi County. The selected building types are all residential. Among them,
11 residential buildings were in the main urban areas, and there were 10 buildings in total
in Miyi and Yanbian counties. The survey covered the months of cooling and heating, the
types of air conditioning and heating equipment used, the time of day when the equipment
was turned on, and the habits of opening windows and shading during the time when the
equipment operated.

2.2. Experimental Design

A field test is an indispensable means to grasp the actual situation of Panzhihua,
and to guarantee the expected energy-saving effect, building energy-saving designs based
on field test data will be a more frequent target and become increasingly generalizable.
The energy-saving design based on a field test is different from the traditional method
of rigid adherence to design codes and norms. To verify its effect, this study modified
the conventional energy-saving design scheme for Panzhihua according to the research
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results and a design scheme was implemented in an actual residential project with its effect
verified through field tests.

Yanbian County

Miyi County H)

{
Renhe County

!

25 km |

Figure 2. Map of Panzhihua City.

2.2.1. Test Site

The field test was conducted from June to August, 2020 in a tower building of a
residential project in Renhe District, Panzhihua (101.7° E, 26.5° N). The project, which
consists of several tower-shaped high-rise buildings is very typical of modern urban
residences in China. As mentioned, the main purpose of the field test is to evaluate the
modified energy-saving scheme by analyzing its effect on the thermal environment and
energy consumption. Therefore, two rooms of different orientations were selected from the
sixth and eighth floors of the building as the experimental and control groups, respectively.
The old energy-saving design scheme was used for the envelop structure of the room on
the eighth floor, whereas the upgraded design scheme was adopted for the sixth floor.
To minimize the influence of altitude, the two floors are reasonably close to each other.
Meanwhile, the seventh floor helps to prevent interplay between the tested floors. The
layout, which is shared by all the standard floors, is shown in Figure 3 with the tested rooms
circled by dotted boxes. Field research shows that western sun exposure is a big concern in
Panzhihua. Therefore, rooms on the western side which is more severely exposed to the
sunset radiation are selected. As shown, the room 15° toward the southeast is denoted as
C3, whereas another room 75° toward the southwest is denoted as C4. For instance, rooms
on the sixth floor are noted as 6-C3 and 6-C4, respectively.
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Figure 3. Locations of the tested rooms and measurement points for the wall temperature (T ), indoor air temperature
(Ta_in), and relative humidity (Rh_in). Unit of dimensions in the figure is millimeter (mm).

The measured parameters include the outdoor temperature (Ta_out) and relative
humidity, indoor temperature (Ta_in) and relative humidity (Rh_in), outer wall surface
temperature (T'w_out), inner wall surface temperature (T'w_in), and daily electricity con-
sumption of each room. Locations of the indoor measure points are marked in the image.
Figure 4 shows photos of the test site.

.

T IILL

() (d)

Figure 4. Photos of (a) exterior view of the tested rooms; (b) interior view of the tested rooms; (c) sensors mounted on the

inside wall; (d) sensors mounted on the outside wall; (e) split air conditioner.
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2.2.2. Measurement Approach

Figure 5 shows the test flow diagram. The test was divided based on the renovation
into the “baseline stage” and the “trial stage.” The baseline stage was designed to study
the inherent differences between the sixth floor and the eighth floor. Excluding these
inherent differences, the differences resulting from the renovation were analyzed during
the trial stage.

To reduce the interference, openings that connect the tested rooms with outdoor
balconies were blocked with 200 mm hollow shale bricks. All doors and windows were
closed and their edges sealed during the test. In addition, reserved mounting holes were
sealed with a luting agent. Thus, the test was conducted in an enclosed and relatively
independent space.

The project was under construction during the experiment thus avoiding the potential
influences of the occupants and indoor equipment. Except for the tested rooms, all the
other rooms were unused and not air-conditioned. For the tested rooms, because no
electric appliances other than a split air conditioner were installed, the electricity is entirely
consumed by the air conditioner, which operated for 24 h a day. Experimenters read the
calibrated electricity meters at the same time each day to calculate the usage amount. For
indoor temperature and humidity, each room has two measurement points that are settled
1500 mm above the floor. For the wall surface temperature, two thermometers with a
horizontal distance of 50 cm were attached to each side of the wall with identical locations.
There were two outdoor temperature and humidity measure points on the balcony of the
sixth and eighth floors respectively, both set in the shade of the building. Temperature-
humidity recorders were placed in instrument shelters 1500 mm above the floor to avoid
solar radiation. Information on the measurement equipment is listed in Table 1.

Process Duration

Preparation:

1. Mounting split air conditioner
2. Arranging measure points

3. Seals

Baseline stage:

Measure indoor air parameters and
electricity consumption of the
tested rooms 4 days
Aim:

Analyze inherent difference
between the rooms

6 days

Renovation of exterior wall and
windows

9 days

Trial stage:

Measure indoor air parameters and
electricity consumption of the
tested rooms

Aim:

Analyze effects of the renovation

1 to 2 month

Figure 5. Flow diagram of the field test.
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Table 1. Equipment in the tested rooms.

Equipment Nominal Parameters

Thermometer
(L93-3, HangZhou Loggertech Co., Ltd.,Hangzhou,China)

Temperature: —40-100 °C (£0.5 °C) Resolution: 0.1 °C

Temperature-humidity recorder
(L95-2, HangZhou Loggertech Co., Ltd.,Hangzhou,China)

Temperature: —40-100 °C (0.5 °C)
Relative humidity: 0-100% (£3%)
Resolution: 0.1 °C, 0.1% RH

Split air conditioner Capacity (kW): 3.50 (cooling)/5.45 (heating)

(KFR-35GW, Midea Group Co., Ltd., Foshan, China) Power (kW): 1.06 (cooling)/2.48 (heating)

2.3. Calculation of Standard Effective Temperature (SET*)

The standard effective temperature SET* is based on the two-node model proposed
by Gagge et al., [31]. Based on the lumped parameter theory, the model simplifies the
human body into two nodes: the core layer and the skin layer. A portion of the heat
generated by metabolism in the core layer is transferred to the skin layer through the
blood flow and heat conduction, a portion is dissipated through respiration and external
work, and the remaining portion is stored. The skin layer mainly dissipates heat through
convection, sweat evaporation, a diffusive evaporation, and radiation. The SET* is defined
as the air the temperature of a standard environment with a relativity humidity of 50%, air
velocity of 0.1 m/s, and radiant temperature identical to the air temperature. In a standard
environment, the heat loss from the skin of a typical occupant is insignificant. In a standard
environment, the heat loss from the skin of a typical occupant at an activity level of 1.0 is
met and a clothing level of 0.6 clo is the same as that in the actual environment [32].

In this study, SET* was chosen as the thermal comfort indicator rather than the
predicted mean vote (PMV) for two reasons. First, the SET* can be applied under wider
scenarios including dynamic conditions, [33] whereas the PMV is restricted to a steady
state [34]. Second, the PMV solely predicts the psychological responses of the occupants
without a reflection of the physiological index, e.g., the skin temperature and skin wetness.
Previous studies have widely applied the SET* to evaluate the indoor thermal comfort in
both air-conditioned and naturally ventilated buildings [35]. The method and a computer
program for calculation of the SET* are provided in the ANSI/ASHRAE Standard 55-
2017 [32].

3. Results and Discussion
3.1. Analysis of Field Research
3.1.1. Climatic Characteristics

The 10-year climate data statistics of various districts and counties were independently
averaged, the average values of four districts and counties were calculated, and finally the
parameter values used to represent the overall climate of Panzhihua City were obtained.
The detailed statistics and relevant climate classification principles are shown in Table 2.
According to the data, the average temperature of the coldest month in Panzhihua was
13.1 °C, and the average temperature of the hottest month was 25.7 °C. This is consistent
with the characteristics of hot summer and warm winter zones. In addition, the average
number of days at above 25 °C (d > 25) during the year is 100, which also supports classify-
ing this region into a hot summer and warm winter zone. Through further observation, the
heating degree days was found to be 459.1 °Ced, which is in line with the characteristics of
a hot summer and warm winter B zone (4B) [15].

In summary, based on the actual measurements and an analysis of outdoor climate
data for 10 consecutive years, Panzhihua should be classified as a hot summer and warm
winter B zone (4B) instead of the “mild climate zone” proposed in the national standard. It
can be seen from the analysis of the characteristics of the two climate zones that mild zones
have warm winters and cool summers, with the average temperature of the hottest month



Energies 2021, 14, 442 8 of 19

reaching no more than 25 °C. Therefore, the thermal insulation requirements of buildings
are relatively low, and residents prefer to use natural ventilation to meet their thermal
comfort needs during the summer [36].F However, some mild regions have lower winter
temperatures, and thus it is necessary to consider a structural insulation or make full use of
solar resources for heating. By contrast, the needs in a hot summer and warm winter zone
are quite different from those in mild areas. During summer, thermal insulation is the top
priority of the building energy saving design in this region. It is necessary to emphasize
the shading design, airtightness of the windows and doors, and minimized heat gain in
the building. However, the warm weather during winter allows appropriately reduce the
need for thermal insulation. The above proves that the building thermal division provided
in the national standard code can only provide a rough reference, and in the energy-saving
design of an actual project, it is necessary to first check the measured meteorological data,
and make the correct judgment of the climate zone. The correctness of the design principles
can then be ensured and the effects of building energy saving can be achieved.

Table 2. 20092018 Statistical results of meteorological parameters in Panzhihua.

Hot Summer and Warm

Measurement Location 10-Year Average 4-District Average . Mild Climate
Winter B
Bingchaogang 13.7
Miyi 12.
tminm [°C] Rerthe o 131 10°C < tminm 0°C < byinm <13°C
Yanbian 13.2
Bingchaogang 25.6
bmasm [°C] Ron s 257 25°C < tmaxm 29°C  18°C < fmaym < 25°C
Yanbian 254
Bingchaogang 401.4
HDD18 [°Ced] Miyi >48.9 459.1 HDD18 < 500 700 < HDD18 < 2000
Renhe 432.1 ’ =
Yanbian 454.0
Bingchaogang 171.0
o Miyi 105.2
CDD26 [°Ced] Renhe 2012 152.2 / CDD26 < 10
Yanbian 131.5
Bingchaogang 0.2
Miyi .
ds [d] Rt o 0.1 / 0< des <90
Yanbian 0.0
Bingchaogang 104.2
Miyi 88.4
<
d>25 [d] Rerhe 113.9 100.0 100 < d>25 <90 /
Yanbian 93.1

tminm: Average temperature of the coldest month. tmaxm: Average temperature of the hottest month. HDD18: Number of heating degree
days. CDD26: Number of cooling degree days. d<s: Number of days at below 25 °C. d>»5: Number of days at above 25 °C.

3.1.2. Cooling and Heating Habits of Local Residents

According to the site survey, all participating residential communities in Panzhihua
adopt split air conditioning. The cooling season in Panzhihua area is long, usually lasting
from April to August. The air conditioner is on during the daylight hours of 11:00-15:00
and during the nighttime hours of 20:00-22:00. Households with elderly people living
alone are less likely to turn on the air conditioner during the summer, whereas the opposite
is true for households with mainly young people or children. According to statistics,
households with elderly people who live alone account for approximately 40% of the total
surveyed households. By contrast, there is almost no heating demand in Panzhihua during
the winter.

By analyzing the questionnaire data and compiling the interview results, the following
information about the living habits of residents is summarized: In terms of air-conditioning
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usage, the frequency of using air conditioners in residential buildings in Panzhihua largely
depends on the age of the residents. Nearly all residents in the community that participated
in the survey clearly indicated that the elderly are more reluctant to use air conditioners
for cooling and heating. During summer, they prefer to use natural ventilation or electric
fans, whereas during winter they keep warm by adding more clothes and do not pay much
attention to thermal comfort. Previous studies have shown that residents can enhance their
adaptability to the thermal environment through behavioral and physiological regulatory
mechanisms [37,38]. By contrast, young people and residents with children seek higher
thermal comfort and are accustomed to using air conditioners for cooling and heating. In
terms of window opening habits, Panzhihua residents generally pay attention to indoor
air quality and are used to opening windows for ventilation regardless of air conditioner
operation. In terms of shading, the strong solar radiation in Panzhihua has led to serious
western exposure in many buildings, particularly in high-rise buildings with glass curtain
walls, where the top floor is often overheated in the west and the air conditioning load
increases dramatically. Therefore, the local residents usually add shades to the external
windows to cope with the western exposure.

3.2. Modified Building Energy-Saving Design

According to the analysis of the climate and cooling and heating habits of residents
in Panzhihua in Section 3.1, it was found that local residents are accustomed to natural
ventilation, and the passive ventilation design of buildings should be optimized or ventila-
tion devices should be installed in poorly ventilated areas. At the same time, Panzhihua
has severe western sun exposure, and attention should be paid to strengthening the shad-
ing performance of the external window. By contrast, results show that interior thermal
insulation is not welcomed. Originally, interior thermal insulation with advantages in
resisting extreme weather [39], preventing condensation [40], and lowering cost is widely
used, because the design codes mistakenly classify Panzhihua as mild climate region [15].
However, the fact is that Panzhihua exhibits distinctive features of hot summer and warm
winter with almost no heating demand. Many residents prefer to remove interior thermal
insulation to expand usable area.

Accordingly, the focus of the building energy-saving design improvement in this
study is to strengthen the ability of the envelope structure to block the heat gain from solar
radiation, and relatively reduce the requirements on its thermal insulation performance,
thereby saving energy and obtaining economic benefits at the same time.

The renovation mainly involves exterior walls and windows. For the sixth floor, the
originally mounted insulation layer composed of a 30 mm foam board and 5 mm anti-crack
mortar, is canceled. In addition, low emissivity (Low-E) glass and black external shade are
applied to the windows, and the window form changes from a sash window to a casement
window. The eighth floor, which is defined as the control group, maintains the original
envelope design. Specific thermal parameters and structures of the building envelope are
listed in Table 3. The canceled insulation layer is highlighted in bold. As shown, the absence
of insulation increases the heat transfer coefficient from 1.2 W /(m?K) to 2.8 W /(m?K). How-
ever, modified windows exhibit a better solar radiation block performance and decreased
heat transfer coefficient.

3.3. Effects on Thermal Environment
3.3.1. Outer Surface Temperature of Wall

Figure 6 shows the monitoring data of the outer wall surface temperature and outdoor
air temperature of the four rooms for six consecutive days after the renovation, and Table 4
details the peaks of the outer wall surface temperature, outdoor air temperature, and
appearance of the peak values for six consecutive days of testing. As shown in the figure,
the peak outer wall surface temperature of the two rooms numbered C4 is significantly
higher than that of the rooms numbered C3, and the average differences of peak Tw_out
between the two rooms on the sixth and eighth floors were 3.6 °C and 2.7 °C, respectively.
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In addition, the time at which the peak values of the wall surface temperature occurred
also differed significantly between rooms with different orientations: The peak of C3
usually occurred at approximately 15:00, which was close to the time of peak outdoor
air temperature, whereas the peak of C4 usually occurred at between 17:00 and 18:30.
This phenomenon indicates that the fluctuation of the outer wall temperature of rooms
toward south was dominated by the fluctuation of outdoor air temperature, whereas the
rooms toward west were affected more by the western sun exposure. The high intensity
solar radiation in the Panzhihua area can make a considerable temperature difference
between the peak temperature of the outer wall surface of a western-exposed room and a
non-western-exposed room.

Table 3. Materials and thermal parameters of building envelope of the sixth and eighth floors.

Floor Part

a K [W/m2 K] b SHGC Material (Thickness)

Wall

1.20

(1) Thermal bridge: cement mortar (20 mm) + reinforced concrete
(200 mm) + cement mortar (20 mm) + foam insulation board
(30 mm) + anti-crack mortar (5 mm)
- (2) Main structure: cement mortar (20 mm) + sintered self-insulating
brick (200 mm) + cement mortar (20 mm) + foam insulation board
(30 mm) + anti-crack mortar (5 mm)

Window

3.20

(1) Sash window: insulating metal section + transparent glass (6 mm) +
0.71 air layer (12 mm) + transparent glass (6 mm)
(2) Shading device: none

Wall

2.80

(1) Thermal bridge: cement mortar (20 mm) + reinforced concrete
(200 mm) + cement mortar (20 mm)
- (2) Main structure: cement mortar (20 mm) + sintered self-insulating
brick (200 mm) + cement mortar (20 mm)

Window

2.50

(1) Casement window: insulating metal section + Low-E glass (6 mm)
0.35 + air layer (12 mm) + transparent glass (6 mm)
(2) Shading device: black external shade

a: Heat transfer coefficient. P: Solar heat gain coefficient.

By contrast, it can be seen from Figure 6 that the overall outer wall surface temperature
of the rooms on the eighth floor is higher than that on the sixth floor throughout the day.
Figure 7 shows the difference between the average temperature of the outer wall of the
rooms with the same orientation on the six and eighth floors during the day and night.
During the day, the difference between the two is smaller, with the average temperature
difference between 8-C3 and 6-C3 being 0.82 °C, and the average temperature difference
between 8-C4 and 6-C4 being 0.79 °C. This is mainly due to the rooms on higher floors
receiving more sunlight, thereby increasing the outer wall temperature; at night, however,
the rooms subjected to western exposure in the evening, namely, 8-C4 and 6-C4, had a
much higher temperature difference in the outer wall surface than that during the daytime,
with an average value of 1.2 °C and a maximum value of 2.1 °C. As a possible reason
for this, the room on the eighth floor has no external shading and the wall has internal
insulation. A large amount of direct radiation through the glass is absorbed by the indoor
surface and stored in the wall. It is released again when the outdoor temperature decreases
at night, making the outer wall surface temperature of 8-C4 much higher than that of
6-C4, and the rate of decline is slower. The C3 rooms are less exposed to solar radiation
overall, and thus the day-night difference of the outer wall surface temperature between
8-C3 and 6-C3 is not obvious. This difference may have a different impact on the energy
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consumption; in other words, the same envelope retrofit measures may cause the energy
consumption to increase in one orientation and decrease in the other. A detailed analysis
of the energy consumption will be presented later.
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Figure 6. Outer wall surface temperature (Tw_out) and outdoor air temperature (Ta_out) of rooms 6-C3, 6-C4, 8-C3,
and 8-C4.

1.8
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Figure 7. Average difference in outer wall surface temperature between rooms during the day (C3_d, C4_d) and night
(C3_n, C4_n) (6-C3 vs. 8-C3, 6-C4 vs. 8-C4).
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Table 4. The peaks of the outer wall surface temperature and outdoor air temperature, and the corresponding time of

appearance for each room.

Test Day Room Max Tw_out °C Appear Time Max T3 _out °C Appear Time
6-C3 35.4 15:00
8-C3 36.2 15:00

6 August 6-Cd 396 18:40 46.1 14:20
8-C4 39.2 18:50
6-C3 32.6 15:30
8-C3 33.8 15:20

7 August 6-Cd 353 17:10 37.5 14:40
8-C4 35.7 17:30
6-C3 325 16:10
8-C3 33.8 16:20

8 August 6-C4 376 17:10 356 15:10
8-C4 37.3 17:30
6-C3 30.7 15:20
8-C3 319 15:10

9 August 6-Cd 342 17:20 35.7 14:30
8-C4 342 17:30
6-C3 325 15:00
8-C3 33.2 15:10

10 August 6-Cd 356 18:30 411 14:50
8-C4 36.1 18:30
6-C3 31.2 16:50
8-C3 327 17:00

11 August 6-C4 352 17:10 37.0 14:30
8-C4 35.0 17:10

3.3.2. Indoor and Outdoor Temperature Difference

Figure 8 shows the variation curves of the temperature difference between the inner
and outer surfaces of the exterior wall, and the temperature difference between indoor and
outdoor temperatures.

First, the results of 6-C3 and 8-C3 were analyzed. During the day, the testers regu-
larly adjusted the temperature setting of the air conditioner to ensure that the indoor air
temperature of the four rooms was almost the same. Therefore, the indoor and outdoor
temperature differences between the two rooms were extremely close during the day; how-
ever, there was no adjustment at night, and the indoor and outdoor temperature difference
for 6-C3 was smaller than that of 8-C3 because the removal of thermal insulation layer
caused reduction in thermal resistance of the walls on the sixth floor. This phenomenon
needs to be discussed according to the situation, when the outdoor temperature at night is
still extremely high during the hot summer, the indoor temperature of 6-C3 will be higher.
However, during the cool season at night, the outdoor temperature is quite low (e.g., the
third and fourth days, as shown in Figure 7), and the actual room has internal heat sources
such as occupants and lighting. The indoor heat may be dissipated to the outside. At this
time, the wall of 6-C3 will be more conducive to heat dissipation, reducing the load of the
air conditioning. On the other hand, when the difference between the indoor and outdoor
air temperatures was roughly equivalent, the inner wall temperature of 6-C3 was higher
than that of 8-C3. The temperature difference between the inner and outer walls of the
two rooms was significantly smaller than the difference between indoor and outdoor air
temperatures, and their fluctuations were basically synchronized.

The pattern of 6-C4 and 8-C4 is opposite to that of the other two rooms discussed
above. At night, the indoor temperature of 8-C4 was higher. In addition, the temperature
difference between the inner and outer walls of 6-C4 was quite similar to or even larger than
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that of 8-C4 during the daytime when the radiation is the strongest, and was significantly
smaller than that of 8-C4 at night. For the entire day, the temperature difference between
the inner and outer walls of 6-C4 and 8-C4 is not as obvious as that of 6-C3 and 8-C3. At
the same time, the temperature difference between the inner and outer walls of room C4 is
similar to the temperature difference between the indoor and outdoor air temperatures,
and the fluctuation trends of the two were not completely synchronized.

The above phenomenon reveals once again the essential difference between room C3
and room C4 in the composition of the air-conditioning load, that is, the former comes
mainly from the heat transfer of the envelope caused by the difference between the indoor
and outdoor temperatures, whereas the latter contains a considerable part of the solar
radiation heat. This can be confirmed by the temperature difference between the inner
and outer walls and the temperature difference between the indoor and outdoor air tem-
peratures. For room C3, the outer wall receives less solar radiation, so its temperature is
usually lower than the outdoor air temperature. The heat transfer starts from the outdoor
air and ends with the indoor air. Owing to the thermal resistance, as two intermediate
nodes, the temperature difference between the side walls must be less than that between the
starting points. By contrast, after the outer surface of the wall absorbs a large amount solar
radiation, the wall temperature may exceed the outdoor air temperature. There is a certain
delay in temperature increase of the inner wall, making the temperature difference between
the two sides of the wall clearly enlarged. In this case, a portion of the radiation energy
absorbed by the outer wall surface is stored in the wall body, causing its temperature to
increase, with some of the heat transmitted into the room, and some dissipated outdoors.

The reason for the higher indoor temperature of 8-C4 at night is analyzed as follows.
As shown in the floor plan (Figure 3), the exterior window of C4 is toward the west. Room
8-C4 does not apply any shading measures but uses ordinary transparent glass, whereas
the entire window surface of 6-C4 is tightly covered by external shade and the exterior
window uses Low-E glass. During the test, it was found that a large amount of direct solar
radiation entered the room through the exterior window of 8-C4. This part of the radiation
was first absorbed by the inner surface of the room to heat up the wall surface, and then
heated up the indoor air through convection. In other words, the high temperature of the
inner wall of 8-C4 is mainly due to the direct sunlight rather than the heat transfer from the
wall. In this case, the insulation layer has little effect, and thus the temperature difference
between the inner and outer walls of 8-C4 and 6-C4 during the day is similar. In addition,
the insulation layer makes the heat absorbed by the wall during the daytime more difficult
to diffuse outward, resulting in a high indoor air temperature of 8-C4 at night.
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Figure 8. Variation curves of temperature differences between indoors and outdoors (ATa) and the outer and inner surfaces of the
exterior wall (ATw) for (a) 6-C3 and 8-C3 and (b) 6-C4 and 8-C4.

3.3.3. Standard Effective Temperature (SET¥)

Based on the analysis results, the envelope renovation will affect both the indoor air
temperature and the wall temperature, which contribute to human thermal comfort by
affecting the convective and radiant heat dissipation of the human body, respectively. Thus,
the SET* thermal comfort index, which combines the influence of Ta_in and the inner wall
surface temperature Tw_in, is introduced. Table 5 shows the SET* values calculated by the
method specified in ASHRAE Standard 55-2013, where 06:00 to 19:00 is defined as daytime
and 19:00 to 06:00 the following day is defined as nighttime, which are divided mainly
based on the presence of significant solar radiation. The parameter Tr refers to the ‘mean
radiation temperature’, which is defined as the temperature of a uniform, black enclosure
that exchanges the same amount of heat by radiation with the occupant as the actual
surroundings [32]. This study obtained the Tr by inputting inner wall surface temperatures
and room size information into the calculation program of SET*.

Because the air conditioners were always on, all four rooms meet the thermal comfort
requirements most of the time. A comparison of the daytime and nighttime data reveals
that the SET* was higher at night. This is because the thermal inertia of the walls in this
residential project is large. The highest inner wall surface temperature typically appears at
approximately 19:30, and the inner wall surface temperatures at night are generally higher,
resulting in higher average radiant temperatures. Comparing the two groups of rooms
with the same orientation on the sixths and eighth floors respectively, the SET* of 6-C3 is
generally higher than that of 8-C3, mainly owing to the higher average radiant temperature.
However, the SET* of 8-C4 is higher than that of 6-C4, with the air temperature and average
radiant temperature both contributing. In other words, the room facing toward the south
feels warmer after the retrofit than before, whereas the opposite is true for the room facing
toward the west. The analysis of the specific causes was described in the previous section
and will not be repeated. It should be noted that the difference in the SET* between the
two rooms for comparison is usually no more than 0.5 °C. In fact, previous field tests show
that occupants can have much wider thermal comfort zone than that suggested by the
standards [41]. Thus, it can be argued that the change in thermal comfort caused by the
envelope modifications is inconsequential.
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Table 5. Daytime and nighttime SET* of the investigated rooms during the test.

Daytime Nighttime
Test Day Room
T,°C T, °C RH % SET* °C T,°C T, °C RH % SET* °C
6-C3 24.8 26.0 51 25.0 24.4 26.5 47 25.1
6 August 8-C3 24.0 25.8 49 24.5 24.1 26.0 51 24.7
6-C4 24.6 26.8 48 254 24.6 27.1 49 25.6
8-C4 25.6 26.9 44 25.8 25.5 27.3 45 26.0
6-C3 244 25.1 57 244 24.6 25.8 58 24.9
7 August 8-C3 24.0 25.0 55 24.1 24.1 254 55 244
6-C4 243 25.5 58 24.6 244 26.4 58 25.2
8-C4 24.9 25.8 48 24.9 24.9 26.3 50 25.2
6-C3 24.0 25.0 59 242 242 26.1 57 249
8 August 8-C3 24.1 24.9 57 24.1 24.3 255 55 24.6
6-C4 243 25.5 61 24.6 244 26.5 58 25.2
8-C4 24.8 25.6 51 24.8 25.1 26.6 51 25.5
6-C3 23.0 25.6 50 24.0 25.0 26.6 55 25.5
9 August 8-C3 244 25.4 54 245 24.7 26.0 54 25.0
6-C4 24.6 254 61 24.7 24.8 26.3 58 25.3
8-C4 252 26.2 50 25.3 25.5 27.0 51 25.9
6-C3 25.8 26.6 58 25.9 26.4 275 60 26.9
10 August 8-C3 254 26.2 62 25.6 25.7 26.8 62 26.1
6-C4 26.0 26.3 62 25.9 26.3 274 63 26.9
8-C4 25.5 26.6 50 25.7 25.6 27.1 50 26.0

Tr: Mean radiation temperature.

3.4. Effects on Energy Consumption

It is inappropriate to directly compare the energy consumption of the two sets of rooms
during the trial stage, because the rooms on the eighth floor are not completely the same as
the rooms on the sixth floor, and their energy consumption cannot fully represent the energy
consumptions of the rooms on the sixth floor without renovation. Therefore, the method of
examining the effect of envelope renovation on the energy consumption is as follows: first,
the energy consumption function relationships of 8-C3 (8-C4) and 6-C3 (6-c4) are fitted
using the test data at the baseline stage, as shown in Figure 9. Subsequently, the energy
consumptions of 8-C3 and 8-C4 during the trial period are taken as independent variables
to calculate the energy consumptions of 6-C3 and 6-C4 without renovation respectively.
The calculated energy consumptions are labeled “corrected energy consumption” and
recorded as *E6-C3 and *E6-C4. Finally, the actual energy consumptions (E6-C3 and E6-C4)
are compared with *E6-C3 and *E6-C4 to determine the increase or decrease of energy
consumption after the renovation.

A comparison of the electricity consumption is shown in Figure 10. The diagonal line,
which is the trajectory of points with the same horizontal and vertical coordinate values,
divides the coordinate space into two parts. Thus, the points distributed in the higher part
means that the corrected electricity consumption is higher than the actual consumption,
and the electricity consumption is reduced after renovation, and vice versa. During the
baseline stage, the envelope structure of the sixth and eighth floors are identical, and the
eighth floor has a slightly higher overall energy consumption than the sixth floor because
it receives more sunlight. It can be seen from the figure that the electricity consumption of
6-C3 has increased significantly after the renovation. The average value of E6-C3 is 20.7%
higher than that of *E6-C3. If we directly compare 6-C3 and 8-C3, the average value of
E6-C3 is 16% higher than that of E8-C3. By contrast, the difference between E6-C4 and
*E6-C4 is extremely small, the mean value of the former is approximately 11% smaller
than that of the latter. Considering that there is a certain error in the fitting formula, and
Figure 9b also shows the existence of individual outliers, it can be concluded that there is
no significant change in energy consumption after the renovation of 6-C4. It needs to be
noted that, this conclusion is based on the fact that the thermal environment maintained
high quality requirements. Considering that residents can expand their thermal comfort
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Intriguingly, the energy consumption changes are different when the modification
scheme is implemented in rooms with different orientations. In fact, the analysis described
in Section 3.3.1 and Section 3.3.2 has shown that the air conditioning load in room C4 is
dominated by solar radiation heat, whereas room C3 is dominated by the heat transfer
between indoor and outdoor temperatures. The core of the upgrade scheme is to enhance
the ability of the envelope structure to block the solar radiation while appropriately reduc-
ing the requirements for the heat transfer coefficient of the wall. Naturally, the scheme is
more suitable for rooms suffered from western exposure, but it should be noted that the air-
conditioning cooling load of rooms such as C3 may not increase significantly throughout
the year. Because the temperature in Panzhihua is in fact low during most of the summer
nights, internal insulation will hinder the heat emission from the room to the outside at
nighttime, which will increase the load throughout the day. Previous studies have also
pointed out that in areas where summer cooling is the main demand, buildings are prone
to an “over-insulation,” particularly in rooms with severe western sun exposure [23].

4. Discussion

The aim of this study is to provide a building energy-saving design modification
method which emphasizes updated and precise local climate data as well as residents’
living habits. The method suggests that insulation of residential buildings in hot summer
and warm winter zone should be removed. The improved building envelope can ensure
thermal comfort at much lower cost. This conclusion plays an important role in promoting
building energy conservation in cost-sensitive regions like Panzhihua. According to the
requirements of the conventional building energy-saving design scheme, both public and
residential buildings in Panzhihua are equipped with thermal insulation. The insulation
not only occupies the indoor space, but more importantly, there is almost no heating
demand in the local area. Residents usually remove the insulation layer spontaneously
after moving in, causing a large waste of funds. According to statistics, since 2015, the
annual capital loss caused by the construction and removal of external wall insulation in
Panzhihua area has been approximately 177 million RMB, and the total capital loss has
been approximately 885 million RMB. In fact, the Panzhihua area is rich in solar resources,
and the savings from the removal of the insulation measures proposed in this paper can
support the procurement and installation of solar water heaters for 300,000 households.
The use of renewable energy can also compensate for some of the increase in building
energy consumption.

There are still certain limitations to the current study. First, because the removal of
the external wall insulation directly affects the ability of the building to withstand the
cold, it is necessary to further verify the changes in thermal comfort and building energy
consumption during winter to objectively and comprehensively assess the feasibility of
the upgrade scheme. In addition, the residential project for the experiments has yet to
be delivered, which makes it very different from the actual rooms. For example, the
actual room has internal thermal interference from occupants, lighting, and other indoor
equipment, as well as the impact of ventilation on the indoor environment from people
opening windows. A further study will be carried out progressively as winter approaches
and the project is delivered.

5. Conclusions

This study proposes a method of modifying building energy-saving design based on
research into the local climate and residents’ living habits, and a residential building in
Panzhihua was selected for trial. The following results were obtained:

(1) According to the research, an economical building energy-saving design scheme
for hot summer and warm winter zone is proposed to strengthen the shading and
window insulation design, while relatively weaken the insulation of walls.

(2) The field test results show that the upgraded scheme leads to trivial increase in indoor
SET* during the summer and can meet the thermal comfort requirements.
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(3) For rooms exposed to strong solar radiation, the upgraded scheme brought about
11% decrease in energy consumption, while for rooms that are mainly influenced by
outdoor air temperature, the energy consumption increased by approximately 20.7%
during the test period.

(4) Since Panzhihua is rich in solar energy resources, the increased energy consumption
can be compensated by the use of solar energy, and the savings from the cancellation of
the external envelope insulation can be used to support the purchase and installation
of solar water heaters for the residents.

In conclusion, rigid compliance with prescriptive building energy-saving design
codes usually results in an unsatisfactory effect and a waste of funds. The research-based
modification method proposed in this study can be used to promote building energy
efficiency improvement adapted to local conditions.
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