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Abstract: The thermal performance of buildings in the south of China focuses on thermal mass design,
while in the north it favors thermal insulation design, which makes it impossible to achieve a balance
between the thermal mass and insulation. Here, a comprehensive evaluation index is developed
to measure the thermal performance of a building’s external envelope, which aims to find out the
optimal range of the wall thickness under the influence of the thermal mass and insulation, and to seek
the correct balance between a building’s energy consumption and the thermal performance of walls.
In this paper, four dimensions, namely the heat transfer coefficient, thermal inertia index, attenuation
degree, and delay time, are discussed, and the weight coefficients of each subfactor are calculated
and isotropically treated to create comprehensive evaluation indicators. Then the distribution laws of
the composite index values of common building materials in different climatic zones are examined.
The result shows that the correlation coefficient (R?) between M and building energy consumption
is about 0.7736-0.8215, which is higher than 0.3494-0.384, the heat transfer coefficient, and is more
accurate in predicting building energy demands. Furthermore, through the analysis of the thermal
improvement rate and the building energy-saving rate, the suitable wall thickness of commonly used
building materials in different climate zones is determined, and the application prospects of the
research results are described. With the above research findings, the thickness ranges of walls can be
determined at the initial period of building design by combining regional environmental factors and
material characteristics to provide a reference for building energy-saving design.

Keywords: thermal mass; thermal insulation; comprehensive evaluation index; energy efficiency;
building structural design

1. Introduction

The rapid development of the social economy has significantly accelerated urban-
ization in China, resulting in considerable energy consumption and carbon emissions [1].
According to the statistics, China’s building energy consumption has risen from 21% to
33% of total energy consumption in the past decade [2,3], leading to negative impacts on
the economy and environment. In light of this, the concept of a building’s energy savings
has become a primary concern for the built environment, and has a significant potential for
energy conservation and emission reductions.

Prompted by the policy of energy conservation and emissions reduction, various
regions in China have launched building energy-saving design standards successively.
Energy-saving design requirements have also evolved from the 30% in 1986 to the 75%
raised in the latest standard (JGJ 26-2018) implemented on 1 August 2019 [4,5]. The
thermal performance of a building envelope is the key factor influencing building energy
consumption, improvements to which can reduce the amount of energy required to heat
and cool interior spaces and may therefore play a significant role in reducing overall energy
consumption. Building energy efficiency standards [5,6] require the finite value of the heat
transfer coefficient of the building envelope.
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Research on the improvement of the thermal performance of the building envelope
primarily focuses on the optimization of the thermal insulation performance of building
envelopes. Kaynakli [7] optimized the thickness of wall insulation in different heat supply
models. Dylewski [8] analyzed the effect of different insulation materials on building energy
consumption and specifically optimized the thickness of composite walls. Additionally,
Daouas [9] studied the effect of environmental factors on the heat transfer coefficient of
the building envelope and modified it. Furthermore, Song et al. [10] used the economic
net present value (NPV) method to evaluate different envelope modification methods.
Zhang et al. [11] analyzed the effect of different material insulation and construction forms
on building energy consumption using an energy simulation method and constructed an
economic optimization method in Chengdu. Moreover, Dodoo et al. [12] analyzed the
relationship between the building envelope economy and building energy consumption
from the perspective of the whole building life cycle, and optimized the selection of
materials for the economy. Subsequently, Arnas Majumder [13] studied the optimization of
recyclable material insulation panels and proved the feasibility of the technological routes.

Unlike thermal insulation, which has been studied extensively, the thermal mass
and its effects on a building’s energy and thermal performance are yet to be researched
comprehensively [14]. Zhu et al. [15] studied the thermal mass of the envelope and found
that the effective use of the thermal mass could significantly reduce a building’s energy
consumption. Ghoreishi [16] found that a building envelope with a high thermal mass could
induce a significant thermal lag, delaying the effect of peak temperatures and reducing the
amplitude of the heat gain, which results in reductions in seasonal heating and cooling
loads. Additionally, Al-Sanea et al. [17] studied thermal mass insulated wall buildings and
showed that the buildings were relatively energy efficient in the spring and autumn seasons,
but not in summer and winter. Dodoo et al. [18], Wang et al. [19], Reilly and Kinnane [20],
and Deng et al. [21] studied the thermal mass of buildings in specific climatic zones, the
their results showed that in hot summer and cold winter regions or hot regions, the increase
of the thermal mass could effectively reduce a building’s cooling energy consumption, and
the advantages were better highlighted in areas with a large temperature difference between
day and night. Hoes, Trcka, Hensen, and Bonnema [22,23] studied the effects of a high
thermal mass on the reduction of overheating in a mid-European climate, where heating
may not be the governing design factor. Furthermore, some other scholars studied the effect
of the thermal mass and insulation through construction layers of different thicknesses, but
these studies were never able to respond positively to the effect of the thermal mass on the
energy demand in cold climates [16,24-26].

Moreover, although coupling the thermal mass with code-required thermal insula-
tion commonly and inherently takes place in everyday construction projects, only a few
studies have comprehensively discussed the impact of such a combination on a building’s
energy use in a generalizable manner, resulting in increased errors in predicting energy
consumption at the beginning of the building’s design [27,28].

To resolve these limitations, this article presents a study of a comprehensive index
evaluating the effect of a material’s thermal mass—in conjunction with thermal insulation—
on the overall energy performance of residential buildings across a range of climate zones in
China. It considers the characteristics of buildings” exterior walls, as the interface between
indoor and outdoor energy exchange, to assess the impact of these parameters on annual
energy demands. By using the comprehensive evaluation index, coupled with the thermal
mass with insulation, the thermal performance of conventional building materials in five
main Chinese climate zones could be quantified.

In summary, this study is theoretical research focusing on varying building construc-
tion parameters, such as wall thickness, to investigate the effect of coupling thermal mass
with insulation on a building’s energy performance, but not necessarily the building’s
practical design. The purpose of this paper is to find a method combining the thermal
mass and insulation to evaluate the performance of building materials and to discover the
correlation between it and building energy demands. It also aims to give the appropriate
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wall thickness interval for different materials in five main climate zones, with the factors
of the comprehensive index improvement and energy-saving rate of a building’s energy
consumption, to provide a reference for the energy-saving design of a building at the early
stage of its design.

2. Research Methodology

To establish a comprehensive evaluation index of the thermal mass and insulation,
Four relevant metrics, namely the heat transfer coefficient, thermal inertia index, tem-
perature wave attenuation, and phase detention time, were taken. For this paper, five
common building materials, namely reinforced concrete, aerated concrete, rammed earth,
clay brick, and hollow clay brick were selected, and, based on the above comprehensive
evaluation index, the design interval of a building structure’s thickness suitable for the
typical cities of different thermal zones are given in combination with the room ambient
design temperature. In addition, the energy demands were simulated with WUFI plus to
prove the comprehensive evaluation index.

2.1. Materials and Properties

Taking the “Code for thermal design of the civil building” as a reference [29], the
density, thermal conductivity, specific heat capacity, and thermal storage coefficient of the
above five building materials are listed, as shown in Table 1.

Table 1. Physical parameters of five materials.

Specific Heat Thermal Thermal Storage

No. Name DI‘(}II(I;H;S)HY Capacity Conductivity Conductivity
gim KJ/(kg-K) (W/m-K) (W/(m?2-K)
1  Reinforced concrete 2500 0.92 1.74 17.20
2 Aerated concrete 700 1.05 0.18 3.10
3 Rammed earth 2034 1.28 0.74 11.85
4 Clay bricks 1800 1.05 0.81 10.63
5 Hollow clay brick 1400 1.05 0.58 7.92

2.2. Typical Cities in the Thermal Zones

Thermal zones in China can be roughly divided into a hot summer and warm winter
zone, a mild zone, a hot summer and cold winter zone, and cold and harsh regions, and
five cities—namely Guangzhou, Kunming, Shanghai, Beijing, and Harbin—were selected
in turn as typical representative cities in each thermal zone. The climatic parameters of the
typical cities are shown in Table 2 [30].

Table 2. Typical city and meteorological parameters.

Relative Wind Speed Average Daily Solar
No. Zone and City Humidity V(m /Is, ) Temperature Radiation
@5 (%) T(O (M]J/m?)
1 Hot summer and warm winter: 78.4 1.88 215 12.8
Guangzhou
2 Mild region: 66.0 1.98 13.9 145
Kunming
3 Hot summer and c9ld winter: 745 315 19.7 132
Shanghai
4 Cold regions: 57.6 2.05 135 10.4
Beijing
5 Harsh colc'l areas: 59.7 3.05 33 96
Harbin

2.3. Base Case Model

This paper uses a two-story house as a prototype for the energy simulation to study
the effect of different thicknesses of walls on the energy demand of a building, which is
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similar in scale to the majority of residential houses in China. Its length, width, and height
of the building are 12.9 m, 7.7 m, and 6.3 m, respectively; the height of the ground floor
is 3.6 m and that of the first floor is 3.3 m. The appearance of the building is shown in
Figure 1, with each floor of the building consisting of three main thermal zones: a separate
bedrooms on each side and an open living room in the middle.

Figure 1. Basic case model, three-dimensional image (top).

To assess the impact of the thermal mass and insulation of different materials within
various wall constructions on the energy demand, ten different external wall thicknesses
were chosen, namely 100, 200, 300, 400, 500, 600, 700, 800, 900, and 1000 mm. The specifica-
tions of the base case model are seen in Table 3.

Table 3. The specifications of the base case model.

Residential Houses

Window-to-wall ratio (%) South:28.0 North:10.8 East: 0.0 West:0.0

People density (people/m?) 0.025
Wall U-value (W/m?2 K) Value varies with thickness
Window U-value (W/m? K) 2.0
Floor U-value (W/m? K) 0.2
Roof U-value (W/m? K) 0.25
Heating setpoint (°C) 18
Cooling setpoint (°C) 26
HVAC schedule Mon.—Fri.: 17:00-9:00; weekend: 0: 00-24:00
Ventilation (1/h) 0.8

2.4. Comprehensive Evaluation Index

It is well known that the thermal performance of wall materials is mainly measured
by their thermal mass and insulation. The wall insulation performance depends on the
heat transfer coefficient of the wall, and the heat storage coefficient of the material is the
key factor affecting the thermal mass of the wall. With the same thermal storage coefficient,
the greater the thermal inertia index and temperature wave attenuation, the longer the
phase detention time, and the better the thermal performance of the wall are. Through
the derivation of the formula, it can be found that the above factors are all related to the
thickness of the wall. Therefore, with the thickness as the only variable, a comprehensive
evaluation index was established with four parameters, namely the heat transfer coefficient,
thermal inertia index, temperature wave attenuation, and phase detention time, seen in
Equation (1):

M=ﬂ'ﬁ1/u+b'ﬁD+C'ﬁvo+€"B§ (1)

where, 4, b, ¢, and e represent the sensitivity coefficients of the above parameters with
respect to the change in wall thickness, respectively.  represents the linear relationship
after the dimensionless treatment of each subfactor.
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3. Calculation and Simulation

In this subsection, we describe in turn how the heat transfer coefficient, attenuation
degree, thermal inertia index, and delay time of different material walls were calculated,
the sensitivity coefficients of each parameter were extracted and expressed in the form of a
comprehensive evaluation index, and the relationship between the thermal performance
of walls and wall thickness was then analyzed; the thickness interval of walls for each
material under the condition of achieving the specification requirements is then discussed
in conjunction with the requirements of the indoor thermal environment in different
thermal zones.

3.1. Discussion of Subfactors
3.1.1. Divergence Analysis of U-Value

The heat exchange condition between the surface of the building and the surround-
ing environment is relatively complex and can be roughly divided into the following
three forms:

(@) The radiation heat exchange: There are three main modalities of the radiation heat
exchange of buildings, one of which is heat absorption by buildings under the action of
solar short-wave radiation; another is heat absorption under the action of atmospheric
long-wave radiation; and the third is the radiation heat exchange between the wall
surface and the environment. The radiation heat transfer between the building and
the surrounding environment is a complex process, but its radiation heat transfer
coefficient can be calculated in a simplified way as in Equation (2):

o, =Co )

where «; is the radiation heat transfer coefficient, W/(m? -K); C is the radiation coeffi-
cient of the two objects involved in radiation; the value of general building materials
is 4.0 W/(m?-K*); and 0 is the temperature factor and takes the value of 1.2 h-k3.

(b) The convection heat exchange: the heat exchange under the action of atmospheric
convection and the coefficient of convection heat transfer changes with the change of
airflow rate can be calculated according to Equation (3):

g = 6.31v00% 4 3.25¢ 11V €)

where o is the convective heat transfer coefficient, W/ (m2 -K); v is the average wind

speed of the outdoor environment, m/s; and e is a constant, taking the value of 2.718.

(c) The latent heat of evaporation: the heat exchange caused by the evaporation of

water vapor. The evaporative heat transfer coefficient can be calculated according to
Equation (4):

om = 1.954@5-aq (4)

where oy, is the evaporative heat transfer coefficient, W/ (mZ-K), and g is the relative
humidity of the wall surface, whose value is taken to approximate the ambient
relative humidity.

In summary, the formula for calculating the heat transfer coefficient on the outside
surface of the wall is shown in Equation (5):

By Equation (5), the heat transfer coefficient of the external surface of the building in
each typical city was calculated, as shown in Table 4.
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Table 4. Typical city and outdoor surface heat transfer coefficients.

External Surface Heat

. o O Om o .
No. City Wm2K) WK Wim2K) WimK Transfe(rni{;;(l)s/txlce (Re)
1 Guangzhou 9.64 4.8 14.76 15.22 0.066
2 Kunming 9.95 4.8 12.83 15.41 0.065
3 Shanghai 13.40 4.8 19.51 19.95 0.053
4 Beijing 10.17 4.8 11.45 15.55 0.064
5 Harbin 13.12 4.8 15.32 18.52 0.054

The internal surface heat transfer resistance is taken to be R; = 0.11 (m?-K)/W [29].

3.1.2. Thermal Lag in Different Zones

The thermal lag depends on the thermal mass and resistance of the material. Therefore,
the thermal inertness indexes of the above five materials were approximately equal in the
different sub-regions, and could be calculated based on Equation (6):

D=R-S (6)

where D-value is a dimensionless datum; R is the thermal resistance of the material layer,
(m?-K)/W, and S is the heat storage coefficient of the material, which is related to the
specific heat, density, and thermal conductivity of the material, W/(m?-K).

3.1.3. Definition of Temperature Wave Attenuation

As shown in Figure 2, the ratio of the harmonic amplitudes of the external and internal
surface temperatures of the wall was used to measure the attenuation effect of the walls
of different thicknesses on the temperature wave. The value was defined as the average
annual attenuation of the temperature wave V, seen Equation (7):

Vo =Ao/Ag @)

where Ay is the annual temperature amplitude of the external surface of the wall and Ay
represents the annual temperature amplitude of the internal surface of the wall.

Qutdoor Indoor

Attenuation degree V= Ay/dy4

|
A
Ay ] <

Figure 2. Diagram of temperature fluctuation interval inside the wall.

3.1.4. Calculation of Time Lag

The time delay is due to the thermal mass, and the thicker and more resistive the
material, the longer the time lag was. The heat transfer coefficient of the inner and outer
surfaces of the wall also led to differences in the time lag of the materials in different
thermal zones.

As seen in Figure 3, the delay time refers to the interval between the appearance of
the peak outdoor temperature wave and the appearance of the peak temperature of the
inner surface of the external wall. The delay time of walls made of different materials was
calculated according to Equation (8):

Z

= 3@ — arctan

& (40.5 Y D +arctan (8)

e L
Yor + V2a &+ V2Yf
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where Z is the time cycle, taking the value of 24 h; D is the thermal inertness index of the
material; Y is the heat storage coefficient of the external surface of the wall, W/ (m?-K); ae
is the heat transfer coefficient of the external surface of the wall, W/(m?-K); Yjr is the heat

storage coefficient of the internal surface of the wall, W/(m?-K); and «; is the heat transfer
coefficient of the internal surface of the wall, W/(m?-K).

Outdoor temperature (Ty ) Indoor temperature (17}
— Time Lag
e
g
2 To max )
g 1 may
o
Q.
E
o
-
0 6 12 18 24 30
Hours (h)

Figure 3. Thermal mass introduces a time lag.

3.2. Calculation in Different Zones

Here, we describe how the parameters were calculated for each of the five cities in
turn and analyzed linearly.

3.2.1. Hot Summer and Warm Winter: Guangzhou
(a) Thickness and U-Value

We combined the data in Table 4 and the WUFI Pro software to calculate the heat
transfer coefficients of the above five materials, using the quotient method and the mean
method to invert and dimensionlessly process the data; the results are shown in Table 5.

Table 5. The relation between thickness and U-value in Guangzhou.

No. 100 200 300 400 500 600 700 800 900 1000

U 3.91 3.38 2.98 2.66 2.35 2.15 1.98 1.83 1.68 1.57
1/Uq 0.26 0.30 0.34 0.38 0.43 0.47 0.51 0.55 0.60 0.64
U, 1.36 0.80 0.56 0.44 0.36 0.30 0.26 0.23 0.20 0.18
1/U, 0.74 1.26 1.78 2.30 2.81 3.36 3.88 4.38 5.03 5.59
U; 3.17 224 1.71 1.40 1.18 1.01 0.89 0.80 0.72 0.66
1/U3 0.32 0.45 0.59 0.72 0.85 0.99 1.13 1.26 1.40 1.53
Uy 2.98 2.19 1.71 1.42 1.21 1.05 0.93 0.83 0.75 0.70
1/Uy 0.34 0.46 0.59 0.71 0.83 0.96 1.08 1.21 1.33 1.44
Us 2.73 1.90 1.46 1.20 1.00 0.87 0.77 0.68 0.61 0.56
1/Us 0.37 0.53 0.69 0.84 1.00 1.15 1.31 1.48 1.64 1.78

A linear fit to the heat transfer coefficient values gave the following sensitivity coeffi-
cients for different materials as the wall thickness varied: a; = 0.408, a; = 0.885, a3 = 0.701,
aq = 0.65, and a5 = 0.701.

(b) Thickness and D-Value

The thermal inertia index is dimensionless and numerically equal to the product of the
material’s heat storage coefficient and thermal resistance. The thermal inertia indexes of
reinforced concrete, aerated concrete, rammed earth, clay brick, and hollow clay brick were
calculated separately and are shown in Table 6. It can be seen that the thermal inertia index
of the wall was directly proportional to the wall thickness, and the sensitivity coefficients of
each material were as follows: by = 0.001, b, = 0.017, b3 = 0.016, by = 0.013, and bg = 0.014.
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Table 6. The relation between thickness and D-Value.

No. 100 200 300 400 500 600 700 800 900 1000

Dy 0.99 1.98 297 3.95 4.94 593 6.92 791 8.90 9.89
D, 1.72 3.44 5.17 6.89 8.61 1033 1256 1378 1550  17.22
D3 1.66 3.20 4.86 6.40 8.06 9.60 11.26 1280 1446  16.00
Dy 1.31 2.63 3.94 525 6.56 7.87 9.19 1050  11.81 13.12
Ds 1.37 2.73 4.10 5.46 6.83 8.19 9.56 1092 1229  13.66

(¢) Thickness and Attenuation degree

Here WUFI Pro was used to simulate the heat and moisture transfer process of the
walls under different thicknesses; the annual variation range of the internal and external
surface temperature of the wall was obtained by simulation, then attenuation degrees were
calculated according to Equation (7). The results are shown in Table 7.

Table 7. The relation between thickness and attenuation degree.

No. 100 200 300 400 500 600 700 800 900 1000

Vi 1.33 1.78 221 2.63 3.07 3.67 4.00 44 4.49 4.58
V, 2.78 3.25 3.33 347 3.56 3.71 3.77 3.82 3.88 3.94
V3 2.00 2.56 3.29 4.00 4.14 4.44 4.62 4.71 4.90 5.00
V4 1.83 277 3.38 3.83 4.14 4.36 4.62 4.80 4.90 4.95
Vs 2.05 2.88 3.20 343 3.53 3.58 3.69 3.69 3.72 3.75

The sensitivity coefficient for the attenuation of each material was determined by a
linear fit: ¢; = 0.581, ¢ = 0.144, c3 = 0.413, ¢4 = 0.426, and c5 = 0.241.

(d) Thickness and Delay Time

According to Equation (8), the delay times of different materials for temperature waves
were calculated in turn and the results are shown in Table 8.

Table 8. The relation between thickness and delay time.

No. 100 200 300 400 500 600 700 800 900 1000

& 2.69 5.52 8.27 1098 13.68 1637 19.06 21.73 2441  27.09
& 3.29 7.82 1242 17.04 21.67 2631  30.95 35.6 40.24  44.89
&3 4.14 8.55 1291  17.26 21.6 2593 3026 3459 3892 4324
&4 3.24 6.85 1043 1399 1755 21.1 2465 2819 3174 3529
&s 3.12 6.81 1049 1418 1786 21,55 2524 2892 3261  36.30

According to the data in Table 8, the corresponding coefficients were obtained: e; = 0.027,
e, =0.046, e3 = 0.043, e4 = 0.036, and e5 = 0.037.

(e) Thickness and Mgy

The data were handled dimensionlessly and the values of the comprehensive indexes
of different building materials in Guangzhou were calculated; the main trends are shown
in Figure 4. The results show that with the increase of wall thickness, the thermal behavior
benefits presented by different materials varied, and the performance gains were ordered
so: if the thickness of the wall was less than 750 mm, then 3) > @ > (@ > (2) > (5); otherwise,
B®A>®>0>D>0.

At the mutational site, specific values of the wall thickness allowed for maximum
thermal performance benefits.
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Figure 4. Schematic diagram of Mgz.

3.2.2. Mild Region: Kunming
(@) Thickness and U-Value

The heat transfer coefficients of walls of different materials in the Kunming area were
calculated according to the method above, and the results are shown in Table 9.

Table 9. The relation between thickness and U-value in Kunming.

No. 100 200 300 400 500 600 700 800 900 1000

U 3.92 3.39 2.99 2.67 2.35 2.15 1.98 1.84 1.68 1.58
1/Uq 0.25 0.29 0.33 0.37 0.42 0.46 0.50 0.54 0.59 0.63
U, 1.36 0.80 0.56 0.44 0.36 0.30 0.26 0.23 0.20 0.18
1/U, 0.73 1.25 1.77 2.29 2.80 3.35 3.87 4.37 5.02 5.58
Us 3.18 225 1.71 1.40 1.18 1.02 0.89 0.80 0.72 0.66
1/U3 0.31 0.44 0.58 0.71 0.84 0.98 1.12 1.25 1.39 1.52
Uy 2.99 2.20 1.71 1.42 1.21 1.05 0.93 0.83 0.75 0.70
1/Uy 0.33 0.45 0.58 0.70 0.82 0.95 1.07 1.20 1.32 1.43
Us 2.74 1.91 1.46 1.20 1.01 0.87 0.77 0.68 0.61 0.56
1/Us 0.36 0.52 0.68 0.83 0.99 1.14 1.30 1.47 1.63 1.77

The sensitivity coefficients of each material were fitted as follows: a; = 0.408, ap = 0.886,
az =0.701, ag = 0.65, and a5 = 0.702.

(b) Thickness and D-Value

The thermal inertia index did not change with regional differences, so the thermal
inertia index in Kunming was consistent with the above, and the sensitivity coefficients of
each material were as follows: by = 0.001, b, = 0.017, b3 = 0.016, by = 0.013, and bg = 0.014.

(¢)  Thickness and Attenuation degree

As seen in Table 10, the attenuation degrees were calculated, and the sensitivity
coefficient for the attenuation of each material were determined by a linear fit: ¢c; = 0.571,
¢y =0.146, c3 = 0.463, ¢y = 0.415, and c¢5 = 0.31.

Table 10. The relation between thickness and attenuation degree.

No. 100 200 300 400 500 600 700 800 900 1000

Vi 1.33 1.64 224 271 3.17 3.45 3.8 3.96 422 4.75
V, 2.56 294 3.07 3.29 3.38 3.43 3.48 3.54 3.57 3.59
V3 2.00 292 3.62 4.40 4.89 524 5.37 5.50 5.57 5.64
V4 2.00 2.67 3.39 4.20 4.57 4.67 477 4.88 494 5.00
Vs 2.05 2.63 2.84 2.99 3.67 3.79 3.86 3.93 4.00 4.07
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(d) Thickness and Delay time

The delay times of the different materials were calculated in turn and the results are
shown in Table 11. According to the data, the corresponding coefficients obtained are:
e; =0.027, ey = 0.046, e3 = 0.043, e4 = 0.036, and e5 = 0.037.

Table 11. The relation between thickness and delay time.

No. 100 200 300 400 500 600 700 800 900 1000

& 2.68 5.51 8.26 1097 13.67 1636 19.04 21.72 2440 27.08
& 3.28 7.81 1241  17.03  21.66 26.3 3094 3559 4023  44.88
&3 4.14 8.55 1291 17.25 2159 2592 3025 3458 3891 4324
& 3.23 6.84 1042 1398 1754 21.09 2464 2819 31.73 3528
&s 3.11 6.80 1048 1417 17.86 2154 2523 2892 32,60 36.29

(e)  Thickness and Mgy
As shown in Figure 5, the performance gains were ordered as follows: if the thickness of
the wall was less than 650 mm, then @) > @ > @D > @) > (); otherwise, @ > ® >Q@ > D > ().

(1) Reinforced concrete (2 Aerated concrete 3 Rammed earth

@ Clay bricks &) Hollow clay brick O Mutational site

Comprehensive evaluation index
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(=]

040506 > w0
Thickness (m)

Figure 5. Schematic diagram of MKM.

3.2.3. Hot Summer and Cold Winter: Shanghai
(@)  Thickness and U-Value

The heat transfer coefficients of walls of different materials in the Shanghai area were
calculated and the results are shown in Table 12.

Table 12. The relation between thickness and U-value in shanghai.

No. 100 200 300 400 500 600 700 800 900 1000

Up 4.12 3.54 3.10 2.76 242 221 2.03 1.88 1.72 1.61
1/Uq 0.24 0.28 0.32 0.36 0.41 0.45 0.49 0.53 0.58 0.62
U, 1.38 0.80 0.57 0.44 0.36 0.30 0.26 0.23 0.20 0.18
1/U, 0.72 1.24 1.76 2.28 2.79 3.34 3.86 4.36 5.01 5.57
U3 3.30 231 1.75 1.42 1.20 1.03 0.90 0.80 0.72 0.66
1/U; 0.30 0.43 0.57 0.70 0.83 0.97 1.11 1.24 1.38 1.51
Uy 3.10 2.26 1.75 1.44 1.23 1.06 0.94 0.84 0.76 0.70
1/U4 0.32 0.44 0.57 0.69 0.81 0.94 1.06 1.19 1.31 1.42
Us 2.83 1.95 1.49 1.22 1.02 0.88 0.77 0.68 0.62 0.57
1/Us 0.35 0.51 0.67 0.82 0.98 1.13 1.29 1.46 1.62 1.76

The sensitivity coefficients of each material were fitted as follows: a; = 0.422, a, = 0.892,
az =0.715, a4 = 0.663, and a5 = 0.713.

(b) Thickness and D-Value

The sensitivity coefficients of each material in Shanghai were as follows: by = 0.001,
b2 = 0.017, b3 = 0.016, b4 = 0.013, and b5 =0.014.
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(c)  Thickness and Attenuation degree

As seen in Table 13, the attenuation degrees were calculated, and the sensitivity
coefficient for the attenuation of each material was determined by a linear fit: ¢; = 0.606,
cr =0.231, ¢3 =0.574, ¢4 = 0. 565, and ¢c5 = 0.37.

Table 13. The relation between thickness and attenuation degree.

No. 100 200 300 400 500 600 700 800 900 1000

Vi 1.37 1.80 224 2.67 3.22 3.63 4.14 4.54 492 5.09
V, 3.00 3.78 425 4.40 4.86 4.85 5.00 5.07 5.11 5.15
V3 2.00 3.00 3.88 4.57 533 6.40 6.73 6.80 6.88 6.95
Vyu 1.80 2.86 3.66 443 5.17 5.52 5.82 6.15 6.40 6.46
Vs 2.11 2.73 3.44 3.90 4.10 4.27 4.57 471 4.78 4.85

(d) Thickness and Delay time

According to Table 14, the corresponding coefficients obtained were: e; = 0.027,
er =0.046, e3 = 0.043, e4 = 0.036, and e5 = 0.037.

Table 14. The relation between thickness and delay time.

No. 100 200 300 400 500 600 700 800 900 1000

& 2.55 5.38 8.12 10.83 1353 1622 1890 2158 2426 2694
& 3.14 7.67 1227  16.89 2152 2616 3080 3545 40.09 44.74
&3 4.00 8.41 1277 1711 2145 2578 30.11 3444 3877 43.10
& 3.09 6.71 1028 13.84 1740 2095 2450 28.05 3159 35.14
&s 297 6.66 10.34 14.03 1772 2140 25.09 2878 3246  36.15

(e) Thickness and Mgy

As shown in Figure 6, the performance gains in Shanghai were ordered so:

®>®>0>6>0.
(1) Reinforced concrete {2y Aerated concrete {3 Rammed earth
@) Clay bricks &) Hollow clay brick O Mutational site

~—>g

Comprehensive evaluation index

Lol S S a o

Thickness (m)

Figure 6. Schematic diagram of Mgy.
3.2.4. Cold Regions: Beijing
(@)  Thickness and U-Value

The heat transfer coefficients of walls of different materials in the Beijing area were
calculated and the results are shown in Table 15.
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Table 15. The relation between thickness and U-value in Beijing.

No. 100 200 300 400 500 600 700 800 900 1000

Up 3.93 3.40 2.99 2.67 2.36 2.15 1.98 1.84 1.68 1.58
1/Uq 0.25 0.29 0.33 0.37 0.42 0.46 0.50 0.54 0.59 0.63
U, 1.36 0.80 0.56 0.44 0.36 0.30 0.26 0.23 0.20 0.18
1/U, 0.73 1.25 1.77 2.29 2.80 3.35 3.87 4.37 5.02 5.58
U3 3.18 225 1.71 1.40 1.18 1.02 0.89 0.80 0.72 0.66
1/U; 0.31 0.44 0.58 0.71 0.84 0.98 1.12 1.25 1.39 1.52
Uy 2.99 2.20 1.71 1.42 1.21 1.05 0.93 0.83 0.76 0.70
1/Uy 0.33 0.45 0.58 0.70 0.82 0.95 1.07 1.20 1.32 1.43
Us 2.74 191 1.46 1.20 1.01 0.87 0.77 0.68 0.61 0.56
1/Us 0.36 0.52 0.68 0.83 0.99 1.14 1.30 1.47 1.63 1.77

The sensitivity coefficients of each material were fitted as follows: a; = 0.409, a, = 0.886,
az =0.702, a4 = 0.651, and a5 = 0.702.

(b) Thickness and D-Value

The sensitivity coefficients of each material in Beijing were as follows: b; = 0.001,
by =0.017, bz = 0.016, by = 0.013, and bs = 0.014.

(¢)  Thickness and Attenuation degree

As seen in Table 16, the attenuation degrees were calculated, and the sensitivity
coefficient of each material could be drawn by a linear fit: ¢; = 0.533, c; = 0.322, c3 = 0.633,
¢4 = 0.641, and c5 = 0.508.

Table 16. The relation between thickness and attenuation degree.

No. 100 200 300 400 500 600 700 800 900 1000

Vi 1.45 1.89 2.36 2.96 3.40 3.80 4.12 4.38 4.60 4.79
V, 3.12 4.35 5.26 5.56 5.88 6.16 6.35 6.50 6.67 6.77
V3 212 3.27 4.22 4.8 5.57 597 7.2 8.04 8.71 9.09
V4 1.97 2.95 411 4.69 5.43 6.13 6.91 7.60 7.92 8.44
Vs 1.94 2.68 3.22 3.90 4.39 5.00 5.36 5.51 5.68 6.00

(d) Thickness and Delay time

According to Table 17, the corresponding coefficients obtained were: e; = 0.027,
er =0.046, e3 = 0.043, e4 = 0.036, and e5 = 0.037.

Table 17. The relation between thickness and delay time.

No. 100 200 300 400 500 600 700 800 900 1000

& 2.54 5.37 8.12 10.83 1353 1622 1890 2158 2426 2694
& 3.14 7.67 1227 1689 2152 2616  30.80 3545 40.09 44.74
&3 4.00 8.40 1277 1711 2145 2578  30.11 3444 3877 43.10
& 3.09 6.70 1028 13.84 1740 2095 2450 28.05 3159 3514
&s 297 6.66 10.34 14.03 1772 2140 25.09 2878 3246 36.15

(e)  Thickness and Mgy

As shown in Figure 7, the performance gains in Beijing were ordered so:

@>®>0>0>0.
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Figure 7. Schematic diagram of Mg;.

3.2.5. Harsh Cold Areas: Harbin
(a) Thickness and U-Value

The heat transfer coefficients of walls of different materials in the Harbin area were
calculated and the results are shown in Table 18.

Table 18. The relation between thickness and U-value in Harbin.

No. 100 200 300 400 500 600 700 800 900 1000

Up 4.10 3.52 3.09 2.75 242 2.20 2.02 1.87 1.71 1.60
1/Uq 0.24 0.28 0.32 0.36 0.41 0.45 0.49 0.53 0.58 0.62
U, 1.38 0.80 0.57 0.44 0.36 0.30 0.26 0.23 0.20 0.18
1/U, 0.72 1.24 1.76 2.28 2.79 3.34 3.86 4.36 5.01 5.57
U; 3.29 2.30 1.74 1.42 1.20 1.03 0.90 0.80 0.72 0.66
1/U; 0.30 0.43 0.57 0.70 0.83 0.97 1.11 1.24 1.38 1.51
Uy 3.09 225 1.74 1.44 1.23 1.06 0.94 0.84 0.76 0.70
1/Uy 0.32 0.44 0.57 0.69 0.81 0.94 1.06 1.19 1.31 1.42
Us 2.82 1.95 1.48 1.21 1.02 0.88 0.77 0.68 0.62 0.57
1/Us 0.35 0.51 0.67 0.82 0.98 1.13 1.29 1.46 1.62 1.76

The sensitivity coefficients of each material were fitted as follows: a; = 0.42, a; = 0.891,
az =0.714, a4 = 0.661, and a5 = 0.712.

(b) Thickness and D-Value

The sensitivity coefficients of each material in Harbin were as follows: by = 0.001,
b2 = 0.017, b3 = 0.016, b4 = 0.013, and b5 =0.014.

(¢)  Thickness and Attenuation degree

As seen in Table 19, the attenuation degrees were calculated, and the sensitivity
coefficient of each material could be drawn by a linear fit: ¢; = 0.586, c; = 0.315, c3 = 0.661,
¢4 =0.590, and ¢c5 = 0.633.

Table 19. The relation between thickness and attenuation degree.

No. 100 200 300 400 500 600 700 800 900 1000

Vi 1.44 1.95 241 3.07 3.31 3.67 4.00 4.49 4.87 5.87
V, 3.36 478 6.00 6.40 6.86 6.96 7.01 7.06 7.11 7.14
V3 2.15 3.00 4.00 5.63 6.44 7.23 7.67 8.15 8.65 8.90
V4 2.10 297 3.79 5.44 6.64 6.84 7.08 7.13 7.19 7.24
Vs 1.81 3.00 3.75 4.60 5.11 5.75 6.53 7.08 7.58 7.67
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(d) Thickness and Delay time

According to Table 20, the corresponding coefficients obtained were: e; = 0.027,
er =0.046, e3 = 0.043, e4 = 0.036, and e5 = 0.037.

Table 20. The relation between thickness and delay time.

No. 100 200 300 400 500 600 700 800 900 1000

& 2.56 5.39 8.14 10.85 1355 1624 1892 21.60 2428  26.95
& 3.16 7.68 1228 1691 2154 2618 30.82 3546 40.11 4475
&3 4.01 8.42 1278 1713 2146 2580 30.13 3446 3878 4311
&4 3.11 6.72 1030 13.86 1741 2096 2451 28.06 31.61 35.16
&s 2.99 6.67 1036  14.05 1773 2142 2511 2879 3248 36.17

(e) Thickness and Mygp
As shown in Figure 8, the performance gains in Harbin were ordered so:

@>®>0>6>0.

{) Reinforced concrete {2 Aerated concrete @ Rammed earth

@) Clay bricks & Hollow clay brick O Mutational site

~ —»g

Comprehensive evaluation index

PN W O 00O

Thickness (m)

Figure 8. Schematic diagram of Mygg.

3.3. Define the Ranges

Article 3.0.1 of the “Design code for heating ventilation and air conditioning of civil
buildings” GB 50736-2012 [31] stipulates that the minimum design temperature of the main
room should not be lower than 18 °C throughout the year. In addition, it is known that
the maintenance of the indoor thermal environment is related to the boundary conditions,
among which the internal surface temperature of the wall is crucial. This subsection reports
the results of using WUFI Pro to simulate the internal surface temperature of walls of
different materials as the thickness varied and linearly fitting the data to calculate the
economic thickness of each material wall in turn for different thermal zones.

3.3.1. Hot Summer and Warm Winter: Guangzhou

The variations in the surface temperature with the thickness of different material walls
in Guangzhou were simulated and the results are shown in Figure 9. The results indicate
that when materials 2), 3), @), and () are selected for construction activities, the routine
wall thickness can meet the building energy-saving design requirements of the region. They
also indicate that when material (O) is selected, the most economical thickness of the wall is
about 265 mm; combined with the results of the above study, material 1)’s wall thickness
range is about 265-600 mm.
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Figure 9. Minimum temperature of the inner surface in Guangzhou.

3.3.2. Mild Region: Kunming

The following conclusions can be drawn from Figure 10: when the wall thickness
reaches 200 mm, materials @), @), ®, and () can meet the indoor temperature design
requirements; while the thickness of material (D) needs to reach 450 mm.

—@—reinforced concrete aerated concrete rammed earth clay brick == hollow clay brick
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Thickness(mm)
Figure 10. Minimum temperature of the inner surface in Kunming.

3.3.3. Hot Summer and Cold Winter: Shanghai

Combined with the simulation data, seen in Figure 11, the following conclusions
can be drawn: material (2) can be used as an energy-saving material in the Shanghai area;
material 3, @, and () can meet the design requirements after reaching 250 mm in thickness,
while material (1) needs to reach 500 mm.
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Figure 11. Minimum temperature of the inner surface in Shanghai.

3.3.4. Cold Regions: Beijing

The temperature trend of the surface inside the wall is shown in Figure 12, and it
can be inferred that when used alone as a wall material, material (1) needs to be 725 mm
wide to meet the design conditions, while material @) has to be 115 mm, material () has
to be 325 mm; material &) has to be 365 mm, and material ) has to be 315 mm wide. The
above comprehensive indexes show that material () cannot be used as a single construction
material in Beijing, and that the required thickness range of material 2) is 115400 mm; the
required thickness range of materials ), (), and () is about 300-600 mm.

—&— reinforced concrete aerated concrete rammed earth clay brick —@— hollow clay brick
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Figure 12. Minimum temperature of an inner surface in Beijing.

3.3.5. Harsh Cold Areas: Harbin

As shown in Figure 13, the thickness interval of each material wall in the Harbin area
was calculated in turn as follows: material (D) would not meet the requirements; material @
would have to be 225-400 mm; material 3) would have to be 470-500 mm; material (2
would have to be 500-600 mm; and material (5) would have to be 435-500 mm wide.
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Figure 13. Minimum temperature of an inner surface in Harbin.

4. Analytical Arguments
4.1. Energy Consumption Simulation

This subsection reports the results of combining the building prototype with WUFI
Plus to examine the impact of the individual material wall thickness on the building energy
consumption. The results are shown in Table 21 and the following conclusions can be
drawn from the data and distribution patterns:

(a) Comparing the building energy demand, it can be found that the better the insulation
performance of the material, the smaller the building energy-saving rate under the
same gradient change is.

(b) From the trend of curve changes, it can be seen that although there are obvious
differences in the impact of different material facades on the building energy demand,
the whole follows the same rule: as the wall thickness increases, the rate of the
building energy demand declines.

(¢) The analysis of the energy consumption data reveals that reinforced concrete, aerated
concrete, clay bricks, and hollow clay brick have similar thermal performance in
different climatic zones, while rammed earth materials show outstanding performance
in mild areas.

The average value method was used to dimensionlessly process the building energy
consumption, map the data into the specified interval, and establish the relationship with
the comprehensive index, as seen in Figure 14. From the data fitting, it can be seen that
there was a strong linear correlation between the comprehensive index of the thermal
performance of materials and the building energy consumption in different climate zones,
while the correlation of building energy consumption was weak when only the insulation
was considered, so it was more accurate to predict the energy consumption of buildings by
comprehensive indexes. In addition, the fitted correlation coefficient between the U-value
and energy consumption gradually became larger as the climate zone gradually moved
north, which also indirectly reflected that the influence of the U-value on building energy
consumption in cold regions gradually increases.
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Table 21. Energy consumption simulation.

Energy Consumption of Different Wall Thicknesses (kWh/Year)

Material Zones
100 200 300 400 500 600 700 800 900 1000
Guangzhou  32,750.3 258625 22,1585 19,8385 182116 169779 159902 151794 14,5082 13948.6
. Kunming 494253  39,651.5  33,883.0 29,9075 269528  24,672.6 22,8562 21,3742 20,1434 19,098.7
Reinforced  gp,.nohai 55,596.5  45420.8  39,140.7 349333 31,8786 295206 27,6345 26,0912 24,8111 23,7359
concrete Beijing 774170 62,8658 54,0385  48230.1 44,0652 40,8583  38280.1 36,157.3 34,385.1 32,8875
Harbin 114,713.6 945029 81,7347 729555 664990 615109 575145 54,2343 51,4971 49,1832
Guangzhou 16,1501 120,975 10,8713 10,3480 10,0144  9780.1 9713.8  9492.8  9401.8  9332.0
Kunming 17,9387 11,8447 103208 98343 9502.7 9259.3 9090.3 89714 88836  8816.6
Aerated Shanghai 235781 17,4965 154031 14,3946 13,7653 13,3334 13,0257 12,7985 12,6252 124887
concrete Beijing 32,697.6 239624 21,0374 19,6466 187684 181520 17,7070 17,3737 17,1142 16,906.1
Harbin 485326  35849.6 312911 29,0147 275719 265718  25847.0 253013 24,8765 24,537.0
Guangzhou 34,3001 256774 22,0756 19,9368  18,619.6  17,667.8 169417 16,3732 159208 15555.5
Kunming 26,5757 17,7333 140775 12,7141 12,0467 11,5624 11,1661 10,8522 10,6120 10,428.6
Rammed Shanghai 41,1580 31,7962 27,1484 244521 226739 21,3978 204326 19,679.0 19,077.1 18,5875
earth Beijing 56,980.9 43,6195 37,0814 333569 30,9062 29,1251 27,7644  26,697.6 258432 25,146.1
Harbin 83,7145 62,7952  53,293.0 47,7615  44,097.0 41,4349 39,4034 37,8052 365203 35468.6
Guangzhou 272195 19,9236 16,6677 14,9038 137639 129331 12,2969 11,8007 11,407.7 11,090.1
Kunming  40,090.0  29,160.3 23,8258 20,6306 185063 16,9782 158220 149243 142152 13,646.6
Clay Shanghai 456788 34,4328 28,7585 254299 23,1903 21,5564 203112 19,337.8 18,5622 17,9316
bricks Beijing 634769 475846 39,6663 351064 32,0581 29,8186 28,0985 26,7460 25660.0 24,770.1
Harbin 93,9888 71,3856 59,6922 52,6609 47,9052 44,4181 41,7483 39,6457 37,9520 36,560.8
Guangzhou 246314 17,6303 147263 13,2780 12,3794 11,7312 11,2407 10,863.6 10,569.1 10,334.0
Hollow Kunming ~ 35649.1 ~ 249531 20,1689 175324 158745 147120 138482 131935 126882 12,289.0
claybrick  Shanghai 408858 300321 = 249948 222071 203947 19092 181221 173718 167802 163035
Beijing 56,906.1 41,4834 344548 31,6471 28,1669 26,3843 250368 23,9912 23,159.9 22,483.6
Harbin 83,8922  62,031.3 51,6384 457368  41,860.8 39,0739 36,9722 353393 34,0381 329784

Hot summer and warm winter

Energy Mapping Data

Energy Mapping Data

]

Mild region
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p(1]

Hol summer and cald winter

wmw

Cold region

Harsh cald areas

"

Figure 14. Different reference indicators and energy mapping data.
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4.2. Drawings

To further analyze the relationship between energy-saving rate and thermal perfor-
mance, two parameters were defined: the rate of the change in the energy saving of the
building (1.) and the rate of the thermal performance improvement (ny;), which were
calculated as shown in Equations (9) and (10):

e = (En - En+1)/En (9)

np = (My — My)/M; (10)

where E; and E,,; are the building energy consumption before and after the gradient
change, respectively; M, is the composite index after the performance improvement; and
M is the initial composite index. When 1, > ny, the thermal performance improvement
gain has a positive meaning, and when 1, < nyy, the thermal performance improvement
gain decreases, which has a negative meaning at this time. Therefore, when n. = n,y, the
gain of thermal performance improvement is maximized.
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As the thickness increased, the value of the comprehensive evaluation index increased,
and the energy-saving rate decreased, and both change rates showed a trend of first
increasing and then decreasing. Here the optimized interval of each material wall thickness
under the comprehensive evaluation index system was linked to the energy-saving rate, to
explore the balance between building energy demand and thermal performance.

The above data were processed and the results are shown in Figure 15. The following
conclusions can be drawn:

(@) The wall thickness when the energy-saving rate and thermal improvement were
balanced for different materials in different climate zones are shown in Figure 15.
The data distribution pattern shows that the wall performance gain was negative
when the thickness was greater than the intersection thickness in the graph, so the
intersection thickness value could be defined as the upper limit of the wall thickness
for the material.

(b) Other than that of aerated concrete, the thickness of the intersection point of the other
materials showed a tendency to decrease as the climate zone moved northward, and
the impact of the improvement in the thermal performance of the building envelope
on the energy efficiency of the building gradually decreased.

(c) There was variability in the energy consumption performance of materials in different
climatic zones. Combining the improvement rate and energy saving variation inter-
section, the suitable thickness interval of different material walls could be derived as

shown in Table 22.
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Figure 15. Improvement and energy-saving rate.
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Table 22. Thickness interval of walls under different zones.
Material Guangzhou Kunming Shanghai Beijing Harbin
Reinforced concrete 265-435 mm >450 mm >500 mm - -

Aerated concrete <345 mm <335 mm <360 mm 115-365 mm 225-365 mm
Rammed earth <380 mm 200-355 mm 250-355 mm 360-365 mm 470-500 mm

Clay bricks <425 mm 200-385 mm 250-350 mm >365 mm >500 mm

Hollow clay brick <430 mm 200-405 mm 250-400 mm 315-350 mm >435 mm

Walls were all of a single material.

In summary, the optimization interval of the wall thickness under the comprehensive
evaluation index of the thermal performance covered the thickness of the point n, = ny;
the lower limit of the optimization range in the wall thickness of different materials de-
pended on the lower limit of the indoor heating design temperature; and the upper limit
was influenced by the balance point of the energy-saving rate and thermal performance
improvement rate.

4.3. Application Prospect

In the actual construction activities, it is not common to build the envelope with a
single material, thus the above comprehensive evaluation index of a single material could
be transformed into the equivalent index of multiple materials, and the construction form
of the wall could be transformed into the base material and additional construction lays.
As seen in Figure 16, taking rammed earth material as an example, a single rammed earth
wall with a performance thickness of 355 mm was selected for study in hot-summer and
cold-winter climate zones, which was transformed into a composite construction form with
a thickness of 250 mm rammed earth wall and 5 mm XPS, reducing the area of the building
structure with comparable comprehensive evaluation indexes, which had a positive effect
on the improvement of the space utilization of the building.

5mm XPS

of B

355

42:}0 300 400 500 600 700 8OO
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Energy-saving rate Lower limit
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|

"
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ol
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Figure 16. Establishment of equivalent composite index.

5. Conclusions

In this paper, it was reported how a comprehensive index for evaluating the thermal
mass and insulation properties of walls was constructed by correlating the thermodynamic
influences. Taking five building materials as examples, their respective weights were
calculated in different climate zones, and the thickness intervals of different materials
when constructing walls was optimized by combining them with energy-saving codes.
Meanwhile, this study analyzed and demonstrated the feasibility of the comprehensive
evaluation index of a building’s thermal performance from the perspective of energy
consumption, and found that the thickness optimization interval of walls under the com-
prehensive evaluation index system was consistent with that under the influence of energy
consumption. The purpose of this study was to examine the relationship between wall
insulation and the thermal mass and seek the balance between the thermal performance
and energy demand of walls that optimized the thickness interval of designed walls and
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provided a reference for the initial design of the building structures in various Chinese
climate zones. Below are the main findings:

(@) Through research and demonstration, the numerical formula of the integrated eval-
uation index for measuring building insulation and the thermal mass was found as
follows: M = af1,y + bpp + cBy + efz, and correlation coefficients are shown in
Section 3 of this paper.

(b) The correlation R? between comprehensive index and energy consumption was
0.7736-0.8215, which was approximately equal to twice the correlation of heat transfer
coefficient, and it was scientific to use M as the index for building energy
consumption prediction.

(¢) Using wall thickness as a general indeX, the correlation between the thermal perfor-
mance of walls and building energy consumption was constructed and a balance
between the two was sought; in addition, through numerical calculations and energy
consumption simulations, the ideal wall thickness interval of five materials are shown
in Table 22.

(d) Considering the complex working conditions during practical construction, the con-
clusions of the paper provide a prospective application of the research: constructing
the equivalence index between materials and transforming the single-material wall
into a composite wall with a better performance, which is the direction the authors
need to study subsequently.

Regardless of the foregoing, this study has the following limitations that need to
be addressed in future research. First, the specific meaning of the balance point of the
energy-saving rate and the thermal performance improvement rate must be explored and
studied. Second, this paper uses five typical cities as research subjects in different climate
zones; thus, the research object is not extensive, and later work needs to discuss more cities
to verify whether the conclusions are universal.
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