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Abstract: The purpose of energy-saving retrofit of rural dwellings is to obtain a more comfortable
indoor thermal environment with reasonable investment. The utilization rate of heating and air
conditioning equipment for dwellings in poor rural areas is very low, and the buildings operate in
natural ventilation mode all year round. Since the existing research on energy-saving retrofit is aimed
at air-conditioned buildings, the research methods and results are not applicable to rural dwellings.
This paper proposes a set of energy-saving retrofit evaluation methods suitable for natural ventilation
buildings and applies it to the research on energy-saving retrofit of rural dwellings in cold climate
regions of China. The specific process is as follows: First, this paper analyzed the current situation
using field research and established a typical building model. Second, the DesignBuilder software
was used to simulate all 725 schemes. Subsequently, the three main retrofit measures (replacing the
external insulation windows, setting the external wall insulation layer and setting the roof insulation
layer) were analyzed separately, and the optimal parameters of each retrofit measure were obtained.
Finally, the entropy weight method was used to perform a multi-objective optimization analysis on all
retrofit plans. The results show that 6+12A+6-mm insulating glass windows + 50-mm external wall
insulation + 90-mm roof insulation is the optimal energy-saving reconstruction scheme. Compared
with the benchmark building, the energy-saving rate of the optimal scheme is increased by 23.81%,
and the annual adaptive thermal discomfort degree-hours are decreased by 13.17%.

Keywords: adaptive thermal comfort; entropy weight method; energy-saving; rural dwellings;
multi-objective optimization

1. Introduction

At present, the housing problem of farmers in China has been basically solved, but
the indoor living environment varies greatly between urban and rural areas. How to allow
farmers to live comfortably and environmentally friendly is an important issue for the
harmonious development of the society and an important task for rural development at
this stage [1]. China’s rural dwellings are basically built on their own homestead, and the
design drawings are decided by the owners themselves. There is no supervision and review
by professional organizations, and very few buildings are carried out with energy-saving
design. In poor rural areas, the utilization rate of heating and air-conditioning equipment
is very low. The operating mode of buildings is mainly natural ventilation, and residents
mainly address changes in the indoor thermal environment through adaptive behaviors. In
order to improve the indoor thermal environment and improve the quality of life of farmers,
it is imperative to renovate residential buildings for energy conservation in rural areas [2].

Related studies on the energy-saving retrofit of existing buildings have been con-
ducted by scholars. Literature [3–5] studies the thermal insulation layer of the buildings’
exterior walls in different climate zones of Turkey, with the goal of saving energy and input
costs and determining the optimal thickness of the thermal insulation layer for different
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types of exterior walls. Yang et al. [6] used the DOE-2 software to study the energy-saving
retrofit of buildings in hot-summer and cold-winter regions in China and compared their
feasibility. Solvang and Zhang [7] analyzed the energy-saving effect of retrofit on the
external walls, doors, windows, roofs and heating systems of government office build-
ings. Sheina et al. [8] conducted research on the energy-saving retrofit of educational
buildings in Russia and proposed evaluation standards for the energy-saving retrofit of
college buildings. Domínguez et al. [9] conducted research on the energy-saving retrofit
of residential buildings in the Mediterranean area and analyzed the retrofit plan of the
envelope structure based on the energy-saving rate. Dominguez-Delgado et al. [10] studied
the cool roof used in the retrofit of residential buildings in southern Spain and analyzed
its energy savings and economic efficiency from the perspective of the full life cycle of
the building. Xinhui et al. [11] analyzed the current situation of building energy saving
through the investigation of rural residential buildings in Shanxi and used software to
simulate and calculate 13 types of typical buildings to obtain the optimal parameters of the
external walls. Zhe [12] studied residential buildings in rural areas of Jinan and analyzed
their energy-saving potential by comparing 12 retrofit schemes. However, there are few
working conditions analyzed in the study, and the practical guiding significance is limited.
Sheng and Lin [13] conducted a study on the energy-saving transformation of the central
heating system of the building and found that the optimization and transformation of the
central heating pipe network could improve the overall energy-saving rate of the building.
He et al. [14] studied the energy-saving effects of using different types of exterior windows
in the energy-saving retrofit of high-rise residential buildings in different climate zones and
proposed suitable exterior window types for them. Liu et al. [15] conducted research on the
energy-saving potential of the retrofit of low-rise residential buildings and found that their
energy-saving potential was huge. Ascione et al. [16] studied the energy-saving retrofit
of villas on the Mediterranean coast and optimized the building envelope and equipment
system with energy saving and cost optimization indicators.

The existing research mainly focuses on air-conditioned buildings, and there are few
research projects carried out on naturally ventilated buildings in rural areas. The energy-
saving effect of air-conditioned buildings is the result of the comprehensive effect of the
thermal performance of the envelope and the efficiency of the equipment system, and
the energy-saving effect of naturally ventilated buildings mainly reflects the influence of
building envelope. Since the contribution rate of the envelope and equipment system in
a building’s energy saving is difficult to accurately define, the existing research results
are not applicable to naturally ventilated buildings. Liu et al. [17,18] proposed a method
to determine the energy-saving rate of the building envelope itself by using the adaptive
thermal comfort model, which is more in line with the actual situation of users. Studies
have confirmed the above-mentioned energy-saving evaluation methods, which can ac-
curately evaluate the energy-saving contribution rate of the envelope structure [19–21].
It is necessary to fully consider the influence of adaptability and accurately analyze the
energy-saving rate of the envelope when a building using the natural ventilation mode is
reformed for energy savings. Therefore, this paper adopts the above methods to analyze
the energy-saving properties of buildings.

The rural buildings studied are essentially buildings using the natural ventilation op-
eration mode. The fundamental purpose of building energy-saving retrofits is to improve
the indoor thermal environment quality on the basis of energy savings and economy. The
decision making takes retrofit costs, energy-saving rate and indoor thermal comfort as opti-
mization indexes, and the relationships among these three indexes are mutually influenced
and restricted, which can be regarded as a multi-objective optimization problem [22].

Some scholars have studied the multi-objective optimization of building energy-
saving retrofits. Gero et al. [23] was the first to propose the multi-objective optimization
analysis method for buildings’ design process; the model used the buildings’ thermal
performance, costs and usable area as the optimization objectives. Juan et al. [24] developed
a decision-making system based on a genetic algorithm to determine the optimal retrofit
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plan for a building, considering costs and quality. Kaklauskas et al. [25] took importance,
priority and degree of utility of a plan as decision-making goals to make decisions on
architectural retrofit plans. Flourentzou and Roulet [26] used a multi-objective analysis
method to study the ventilation strategies of university buildings and made decisions with
the indoor air quality, thermal comfort and energy consumption as goals. Asadi et al. [27]
took cost and energy savings as the optimization goals and used the MATLAB software
programming technology to make optimization decisions. Deb et al. [28] applied the
artificial neural network method to HVAC (Heating, Ventilation and Air Conditioning)
energy-saving prediction after building retrofit and obtained the most accurate prediction
model after many iterations. Asadi et al. [29] developed a target optimization technology
combining TRNSYS, GenOpt and MATLAB to optimize the retrofit costs, energy saving
and thermal comfort of residential buildings. A real case study verified the effectiveness
of the above method. Han et al. [30] proposed a neural network method based on affinity
propagation (AP) clustering, which is conducive to making more objective building energy-
saving retrofit decisions. The existing research on multi-objective optimization mainly uses
mathematical algorithms, mathematical models and software programming technology
to perform many iterative analyses for optimization decisions. The above methods are
relatively complicated and inconvenient to operate in the actual design process.

Buildings are complex systems, the use of pure mathematical models is often not
accurate enough, and a large number of building information data sets are needed in
the quantitative analysis of building features [31]. The entropy weight method was first
introduced into information theory by Shannon [32]. The basic idea is to determine the
weight of an index according to the difference of the index and, subsequently, to evaluate
the quality of the sample. It is suitable for the quantitative analysis of a large number
of data sets. At present, the entropy weight method has been widely used in logistics
management [33,34], electronic information [35], engineering materials [36], environmental
engineering [37], safety management [38,39] and other fields. Mehdi et al. [40] used the
entropy weight method to establish a prediction model to effectively evaluate the risk of
food. Hongmei et al. [41] applied the entropy method to the field of electronic communica-
tion and accurately predicted the ionospheric F2 layer critical frequency by establishing a
model. Mo et al. [42] used the entropy method to effectively select the optimal water supply
plan in the study of agricultural water resource management. The above research has
proved that, in the process of multi-objective optimization analysis, the entropy method
can avoid the influence of subjective factors and make the evaluation results more objective.
However, Yuxin et al. [43] and Qian et al. [44] believed that, in the data standardization
process of the entropy method, too many zero values would cause errors if not corrected.
In the process of data standardization in this study, each indicator has no more than one
zero value, which has been modified. Therefore, the entropy method can be effectively
used in this paper.

In the field of research on energy-saving retrofit of buildings, energy-saving rate
and thermal comfort are the main evaluation indicators for retrofit schemes. The existing
research projects on energy-saving retrofit of buildings are carried out in the heating
and air-conditioning mode. The energy-saving rate is calculated according to the energy
consumption saved by the equipment, and the calculation of the thermal comfort indicator
does not consider people’s adaptive behaviors. The main research target of this paper is
residential buildings without heating and air-conditioning equipment in poor rural areas.
The thermal comfort indicator needs to fully consider the influence of people’s adaptive
behaviors. Therefore, the traditional evaluation indicators are no longer applicable, and
the existing research results are not applicable to the energy-saving retrofit of buildings in
rural areas. The novelties and the main contributions of this paper are the introduction of a
new energy-saving evaluation method based on the theory of adaptive thermal comfort
and the first proposal to adopt the annual adaptive thermal discomfort degree hours as
the thermal comfort evaluation indicator for carrying out research on rural residential
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buildings. In addition, this paper introduces the entropy weight method into the multi-
objective optimization decision making of building energy-saving retrofit for the first time.

Taking building energy saving, indoor thermal comfort and retrofit costs as opti-
mization objectives, this study evaluates all 725 retrofit schemes and makes optimization
decisions. The research results can provide guidance for the energy-saving retrofit of
rural dwellings in cold climate areas of China; it can also provide references for other
climate areas. The set of evaluation methods for the energy-saving renovation of natural
ventilation buildings proposed in this paper have wide applicability. The concrete steps
recommended in practice are as follows: Determine the optional parameters of the retrofit
measures; simulate all the working conditions with software; calculate the index values
used in the optimization decision; and determine the optimal scheme by using the entropy
weight method.

2. Methods
2.1. Modeling

The energy-saving retrofit of existing residential buildings requires a large amount
of manpower and material resources, and the costs of comprehensive retrofits are rela-
tively high. The subsequent service life of renovated buildings should not be less than
20 years [45]. Therefore, buildings with better construction quality are selected as samples
during the field investigation. Northern Anhui belongs to the cold climate area. There
is no central heating, and the rural economic development is backward in this area. The
survey found that rural dwellings in Northern Anhui are representative of China, and that
the layout still bears the marks of traditional Chinese quadrangle courtyards, such as a
main entrance in the southeast corner and a screen wall at the entrance. Furthermore, the
layout of a building adapts to the farming lifestyle of the North, with farming tools and
storage spaces in the southern side. On the east side of a building, there is a kitchen. A
two-story main building in the south of a building is the core of the building and the main
living space for the residents. The kitchen and storeroom, where people spend very little
time, are completely separated from the main building as auxiliary spaces. Therefore, the
main building is taken as the object of energy-saving retrofit, and the auxiliary space is
temporarily not considered in the study.

A typical building model (Figure 1) is established on the basis of the investigation,
and the floor plan is shown in Figures 2 and 3. The basic information of the building model
is as follows: It covers an area of 213.3 m2, and the main building area is 175.2 m2. The
width is 9.9 m, and the depth is 8.4 m. The building is a brick-concrete structure that is
two stories high. One story is 3.9 m high, and the second story is 3.3 m high. The angle of
the sloped roof is 30◦, there is a ventilated air layer (Figure 4), the east and west gables are
correspondingly set with louver vents, and the outer door is made of thick solid wood. In
addition, the building has no additional shading components, and the outer surface is gray.
The main building envelope structure materials are shown in Table 1.

2.2. Building Energy-Saving Retrofit Methods

Ninety percent of the energy loss of the building envelope comes from the external
walls, windows and roofs [46]. The envelope of rural residential buildings in cold areas
should use external windows with good thermal insulation performance and include
external wall and roof insulation layers [47]. Therefore, this paper mainly analyzes the
above three aspects in the study of the energy-saving retrofit of building envelopes. The
costs of different types of external windows are calculated according to local material
prices, and the specific parameters are shown in Table 2.



Sustainability 2021, 13, 5350 5 of 25Sustainability 2021, 13, x FOR PEER REVIEW 5 of 24 
 

 
Figure 1. 3D building model. 

 
Figure 2. First floor plan. 

Figure 1. 3D building model.

Sustainability 2021, 13, x FOR PEER REVIEW 5 of 24 
 

 
Figure 1. 3D building model. 

 
Figure 2. First floor plan. 

Figure 2. First floor plan.



Sustainability 2021, 13, 5350 6 of 25

Sustainability 2021, 13, x FOR PEER REVIEW 6 of 24 
 

 
Figure 3. Second floor plan. 

 
Figure 4. 1-1 Section plan. 

Table 1. Material settings of reference building envelope. 

External Wall (Outside-to-In) Roof (Outside-to-In) External Window 

20 mm lime cement mortar 
240 mm clay brick 
20 mm cement mortar 

20 mm concrete tile 
35 mm lime cement mortar 
5 mm SBS waterproof membrane 
120 mm reinforced concrete slab 
20 mm cement mortar 

6 mm single-layer 
glass and aluminum 
window frame 

2.2. Building Energy-Saving Retrofit Methods 
Ninety percent of the energy loss of the building envelope comes from the external 

walls, windows and roofs [46]. The envelope of rural residential buildings in cold areas 
should use external windows with good thermal insulation performance and include ex-
ternal wall and roof insulation layers [47]. Therefore, this paper mainly analyzes the above 
three aspects in the study of the energy-saving retrofit of building envelopes. The costs of 
different types of external windows are calculated according to local material prices, and 
the specific parameters are shown in Table 2. 

  

Figure 3. Second floor plan.

Sustainability 2021, 13, x FOR PEER REVIEW 6 of 24 
 

 
Figure 3. Second floor plan. 

 
Figure 4. 1-1 Section plan. 

Table 1. Material settings of reference building envelope. 

External Wall (Outside-to-In) Roof (Outside-to-In) External Window 

20 mm lime cement mortar 
240 mm clay brick 
20 mm cement mortar 

20 mm concrete tile 
35 mm lime cement mortar 
5 mm SBS waterproof membrane 
120 mm reinforced concrete slab 
20 mm cement mortar 

6 mm single-layer 
glass and aluminum 
window frame 

2.2. Building Energy-Saving Retrofit Methods 
Ninety percent of the energy loss of the building envelope comes from the external 

walls, windows and roofs [46]. The envelope of rural residential buildings in cold areas 
should use external windows with good thermal insulation performance and include ex-
ternal wall and roof insulation layers [47]. Therefore, this paper mainly analyzes the above 
three aspects in the study of the energy-saving retrofit of building envelopes. The costs of 
different types of external windows are calculated according to local material prices, and 
the specific parameters are shown in Table 2. 

  

Figure 4. 1-1 Section plan.



Sustainability 2021, 13, 5350 7 of 25

Table 1. Material settings of reference building envelope.

External Wall (Outside-To-In) Roof (Outside-To-In) External Window

20 mm lime cement mortar
240 mm clay brick
20 mm cement mortar

20 mm concrete tile
35 mm lime cement mortar
5 mm SBS waterproof membrane
120 mm reinforced concrete slab
20 mm cement mortar

6 mm single-layer
glass and aluminum
window frame

Table 2. Heat transfer coefficients and retrofit costs of external windows.

Window Types 1 Uw (W/m2K) C ($/m2) 2

6 mm single layer glass (no break) 5.778 0
5+6A+5 double insulating glass (no break) 3.115 41.265

Low-e 6+12A+6 double insulating glass (with thermal break) 1.771 75.529
6+12A+6 double insulating glass (with thermal break) 2.685 61.402

6+12A+6+12A+6 three-layer insulating glass (with thermal break) 1.754 77.574
Low-e 6+12A+6+12A+6 three-layer insulating glass (with thermal break) 1.307 92.320

1 All window frames are made of aluminum alloy. 2 The cost is construction cost.

The retrofit method of external wall and roof is to add a certain thickness of external
insulation layer [45]. In combination with the specific climate and building conditions
in Northern Anhui, an inorganic thermal insulation mortar is selected as the building’s
external thermal insulation material. The parameters of the inorganic thermal insulation
mortar are as follows [48]: thermal conductivity of 0.07 W/(m·K) and dry density of
350 kg/m3. The maximum thickness of the external insulation layer of the external wall
is set to 50 mm, and the maximum thickness of the insulation layer of the roof is set to
100 mm [49]. In the simulation calculation, the external wall insulation layer is increased
at 5 mm intervals, and the roof is increased at 10 mm intervals. The retrofit costs of the
exterior wall and roof insulation layer are determined according to literature [50], and the
heat transfer coefficient and costs are shown in Table 3.

Table 3. Heat transfer coefficients and retrofit costs of the external walls and roofs.

Insulation Thickness (mm)
Ue (W/m2K) Ur (W/m2K)

Costs of External
Wall ($/m2) 1

Costs of
Roof ($/m2) 1External Wall Roof

0 0 1.958 3.217 0.000 0.000
5 10 1.718 2.204 9.001 10.546

10 20 1.53 1.676 9.889 11.913
15 30 1.379 1.352 10.769 13.281
20 40 1.255 1.133 11.648 14.649
25 50 1.152 0.975 12.528 16.017
30 60 1.065 0.856 13.408 17.384
35 70 0.989 0.763 14.288 18.752
40 80 0.924 0.688 15.168 20.120
45 90 0.867 0.626 16.048 21.488
50 100 0.816 0.575 16.927 22.855

1 The cost is construction cost.

The DesignBuilder software was used to simulate all 725 schemes. The physical
parameters of the simulation calculation are based on the local building standards [51–53].
The physical boundary conditions of simulation are as follows: location = Huaibei (there is
no meteorological data of Huaibei, and Xuzhou meteorological data can be selected for the
calculation [54]), longitude = 116.79◦, latitude = 33.96◦, altitude = 32.3 m, Tmin. = −12.7 ◦C,
Tmean = 15.1 ◦C, Tmax. = 36.1 ◦C [54]; building ventilation rate = 0.5 h−1, lighting power
density = 5 W/m2 and equipment power density = 3.8 W/m2; two people in the bedroom,
three people in the central room, three people in the living room and one person in the
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other rooms; metabolic rate = 1.2 MET [55–57]; clothing insulation is set as 0.5 clo in
summer and 1.0 clo in winter [57,58]; the occupancy rate, lighting utilization rate and
equipment utilization rate are set according to the literature [58]. Other system settings are
as follows: building running in “simple” natural ventilation mode, schedule = on 24/7;
model infiltration = 0.5 h−1, and schedule = on 24/7 [59].

2.3. Energy-Saving Evaluation Method

The adaptive thermal comfort model can be used to scientifically evaluate the energy-
saving effect of naturally ventilated buildings [18]. The main evaluation index is the
energy-saving contribution rate of envelope structure J (hereafter referred to as the “energy-
saving rate”). The larger J is, the more energy saving the building will be. The calculation
of index J is based on the hourly values of natural ventilation indoor temperature Tin and
outdoor temperature Tout, and the annual values of Tin and Tout can be obtained through
software simulation. Figure 5 shows the calculation principle of the energy-saving rate J:
the area between the annual hourly outdoor temperature curve Tout and the comfortable
temperature Tn curve is the reference degree-hours H; the area between the annual hourly
indoor temperature curve Tin and comfortable temperature Tn is the design degree-hours
H1; H−H1 is the envelope structure adjustment degree-hours; ∆H, and J are the ratio of
∆H to H. The detailed calculation of the above indexes is shown in Equations (1)–(3) [60]:

H =
8760

∑
i=1
|Tout − Tn| (1)

H1 =
8760

∑
i=1
|Tin − Tn| (2)

J =
H − H1

H
(3)

where 8760 is the number of hours in a year; Tout is the outdoor air temperature, ◦C; Tn
is the indoor comfortable temperature, ◦C, which is calculated by adopting the adaptive
thermal comfort model (4) for cold regions in China [61]; and Tin is the mean indoor
operative temperature, ◦C. The calculation equation is as follows (5) [61]:

Tn = 0.271 · Tout + 20.014 (4)

Tin =
∑N

i=1 ti · si

∑N
i=1 si

(5)

where si is the area of each room in the building model, ti is the indoor operative tempera-
ture of each room, and N is the total number of rooms in the building model.
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2.4. Thermal Comfort Evaluation Method

In a naturally ventilated building, the indoor thermal environment cannot be simply
evaluated by the predicted mean vote (PMV), and the impact of the subject’s adaptive
behavior on thermal comfort needs to be considered. The adaptive predicted mean vote
(APMV) can reasonably evaluate the indoor thermal comfort of naturally ventilated build-
ings [62]. The calculation is shown in Equation (6) [63]:

APMV = PMV/(1 + λ·PMV) (6)

where λ is the adaptive coefficient, which is taken from literature [64] (when PMV ≥ 0,
λ = 0.24, and when PMV < 0, λ = −0.50). PMV is the weighted average of all room areas,
and the calculation is shown in Equation (7):

PMV =
∑N

i=1 PMVi · si

∑N
i=1 si

(7)

where si is the area of each room in the building model, PMVi is the predicted mean vote
of each room, and N is the total number of rooms in the building model.

While the APMV index can be used to evaluate the indoor comfort of a naturally
ventilated building at a certain moment, it is unreasonable to only use the average APMV
index to evaluate the indoor thermal comfort of a year or a longer time span. Based on
the evaluation method of references [65,66], the index ∆S of the indoor annual adaptive
thermal discomfort degree-hours is proposed to evaluate the comfort level of naturally
ventilated buildings over a long period of time. ∆S not only reflects the time of thermal
discomfort, but it also reflects the degree of thermal discomfort. Figure 6 illustrates the
calculation principle of ∆S: the area of the curve above 0.5 is the annual hot adaptive
thermal discomfort degree-hours (∆S1), the area below −0.5 is the annual cold adaptive
thermal discomfort degree-hours (∆S2), and ∆S1 plus ∆S2 is ∆S. See Equation (8) for a
detailed calculation:

∆S =
8760

∑
i=1

∆APMV (8)

where ∆APMV is degree of adaptive thermal discomfort. The adaptive thermal comfort
zone is APMV ∈ [−0.5, 0.5]; when the hourly APMV is outside the comfort zone, the
difference is calculated. The calculation is shown in Equation (9) [64]:

∆APMV =


APMV − 0.5(APMV > 0.5)
0(−0.5 ≤ APMV ≤ 0.5)
0.5− APMV(APMV < −0.5)

(9)
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2.5. Entropy Weight Decision-Making Method

Generally, the smaller the information entropy Ej of the index is, the greater the degree
of variation of the index value will be, the more information it provides, the greater the
role it plays in the comprehensive evaluation and the greater its weight Wj and vice versa
is [32]. The smaller Ti (the proximity value) is, the better the evaluated scheme will be. The
detailed calculation steps are as follows:

1. Data normalization: Assuming that the original matrix of entropy evaluation is
X, X = (xij) n × k (I = 1, 2, . . . , n; j = 1, 2, . . . , k); the normalized matrix is Y, and the
elements of Y are calculated in Equations (10) and (11) [67]:

yij =
xij −min

{
x1j, · · · , xnj

}
max

{
x1j, · · · , xnj

}
−min

{
x1j, · · · , xnj

} (Positive indicators) (10)

yij =
max

{
x1j, · · · , xnj

}
− xij

max
{

x1j, · · · , xnj
}
−min

{
x1j, · · · , xnj

} (Negative indicators) (11)

2. Calculation of index entropy Ej [68]:

Ej = −
1

lnk
×

n

∑
i=1

pij × lnpij; Ej ∈ [0, 1] (12)

Pij =
yij

∑n
i=1 yij

where, in order to make lnPij meaningful, when Pij = 0, assume that Pij × lnPij = 0.
However, when Pij = 1, Pij × lnPij = 0, which is inconsistent with reality and will
introduce errors to the analysis results. Therefore, Pij needs to be corrected, as shown
in Equation (13) [68]:

Pij =
1 + yij

∑n
i=1
(
1 + yij

) (13)

3. Calculation of index entropy weight Wj [31]:

Wj =
1− Ej

k−∑k
i=1 Ej

(j = 1, 2, · · · , k); Wj ∈ [0, 1] (14)

4. Calculation of proximity Ti: The judgment matrix A after considering the entropy
weight is as follows [68]:

A =

 a11 · · · a1k
...

. . .
...

an1 · · · ank

 =

 W1y11 · · · Wky1k
...

. . .
...

W1yn1 · · · Wkynk


Find the optimal value of each column in matrix A, that is, sequence R, where

R = (R1, R2, ..., Rk). The proximity value of the evaluated object to the optimal sequence R
is calculated in Equation (15) [31]:

Ti = 1−
∑k

j=1 aijRj

∑k
j=1 R2

j

(j = 1, 2, · · · , k); Ti ∈ [0, 1] (15)

3. Results

The main measures for the energy-saving retrofit of the building envelope are to
replace the external insulation windows, to set the external wall insulation layer and to set
the roof insulation layer. The parameters of the three retrofit measures (see Section 2.2) can
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be freely combined to obtain 725 groups of working conditions. The statistics of the main
indicators of all working conditions are shown in Table 4.

Table 4. Descriptive statistics of the main indicators.

Indicator Size Min. Max. Mean S.D.

J 725 0.399 0.495 0.452 0.023
∆S 725 3608.851 4166.266 3860.717 132.569
C 725 990.369 9047.716 6082.652 1500.802

3.1. Energy-Saving Retrofit of External Windows

Six types of external windows can be selected in building energy-saving retrofits,
and the heat transfer coefficient Uw and retrofit costs C of external windows are greatly
different. As shown in Table 2, the Uw of the low-e 6+12A+6+12A+6 three-layer insulating
glass window is the smallest (1.307 W/m2K), which is 77.38% lower than the heat transfer
coefficient of the original external windows. The retrofit costs C of the external windows
are opposite to the change in Uw. The smaller the heat transfer coefficient is, the higher the
costs will be, as shown in Figure 7.
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Different types of external window have different effects after energy-saving retrofits.
The energy-saving rate J and adaptive thermal discomfort degree-hours ∆S of exter-
nal windows retrofits are shown in Figure 8. The maximum energy-saving rate of the
6+12A+6+12A+6 three-layer insulating glass windows is 0.4560, which is 2.06% higher
than that of the original building. The energy-saving rate of the 5+6A+5 double insulating
glass windows is only 0.03% higher than that of the original building. The J of the other
three types of external window are similar, and they increased by 1.70%, 1.74% and 1.79%,
respectively. The change in adaptive thermal discomfort degree-hours is different from
the energy-saving rate. The ∆S of the low-e 6+12A+6+12A+6 three-layer insulating glass
windows is the smallest (3838.80 C◦·h), which is 1.65% less than that of the original build-
ing. The ∆S of the 5+6A+5 double insulating glass windows is only 0.05% lower than that
of the original building. The ∆S values of the other external windows are 1.20%, 1.52%
and 1.56%, respectively, which are lower than that of the original building. As shown in
Figure 9, the annual average APMV of buildings with different types of external window
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varies slightly. The APMV of the 6+12A+6 double insulating glass windows is the largest
(−0.735), which is 0.50% more than that of the original external windows. The APMV of
the 5+6A+5 double insulating glass windows is the smallest, which is 0.44% lower than
that of the original external windows.
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3.2. Energy-Saving Retrofit of the External Wall

The effect of the energy-saving retrofit of the external wall of the building is achieved
by adding an external insulation layer to reduce the heat transfer coefficient. As shown in
Table 3, the thickness De of the external wall insulation layer is negatively correlated with
the heat transfer coefficient Ue.

The relationship between the external wall heat transfer coefficient Ue and retrofit
costs C is shown in Figure 10. The smaller the heat transfer coefficient is, the greater the
retrofit costs will be. The fitting relationship between Ue and C is shown in Equation (16):

C = 2.6118× 104 − 4.4050× 104 ×Ue + 3.2932× 104 ×Ue
2 − 8.40× 104 ×Ue

3, R2 = 0.9824 (16)
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The external wall heat transfer coefficient Ue has a greater impact on building energy
saving and indoor thermal comfort. As shown in Figure 11, the lower Ue is, the higher the
energy-saving rate J of the building envelope will be. Equation (18) can be obtained from
the fitting of Ue and J. According to Equation (17), the energy-saving rate of the envelope
increases by 0.608% when the heat transfer coefficient of the external wall decreases by
0.1 W/m2K. The smaller Ue is, the smaller the adaptive thermal discomfort degree-hours
∆S, and the more comfortable the indoor thermal environment will be. From the fitting
Equation (18) of Ue and ∆S, it can be found that, for every 0.1 W/m2k reduction in Ue, ∆S
decreases by 35.06 C◦·h:

J = 0.5277− 0.0608×Ue , R2 = 0.9911 (17)

∆S = 3426.0632 + 350.5542×Ue , R2 = 0.9903 (18)
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The relationship between the external wall heat transfer coefficient Ue and the adaptive
thermal comfort index APMV is shown in Figure 12. The smaller Ue is, the larger the APMV
(closer to the comfort zone) will be. The fitting equation of Ue and APMV is shown in
Equation (19), that is, the APMV increases 2.58 × 10−3 when Ue decreases by 0.1 W/m2K:

APMV = −0.7062− 0.0258×Ue , R2 = 0.9730 (19)
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3.3. Energy-Saving Retrofit of the Roof

Rural residential buildings mainly have sloped roofs. There is usually a thermal
insulation ventilated air layer between the second-story ceiling and the roof. There are
two options for the location of the external insulation layer, as shown in Figure 3, by the
dotted line. The calculation results show that the energy-saving and thermal comfort effects
are better if an external insulation layer is added to the sloped roof. Therefore, the external
insulation layer is added to the sloped roof as the main measure.

The relationship between the thickness of the roof insulation layer and the heat
transfer coefficient is shown in Table 3. As Dr increases, Ur decreases continuously; when
Dr increases to 80 mm, the change in Ur tends to be flat.

The roof heat transfer coefficient Ur is negatively correlated with the retrofit costs C as
a whole. Figure 13 shows that the larger the roof heat transfer coefficient is, the lower the
building retrofit costs will be. The relationship between C and Ur can be fitted as a power
function, as shown in Equation (20):

C = 6.1583× 103 ×Ur
−0.1967, R2 = 0.9236 (20)

The influence of roof heat transfer coefficient Ur on building energy saving and indoor
thermal comfort is shown in Figure 14. The larger Ur is, the smaller the value of J, and
the worse the building energy-saving effect will be. The fitting equation of Ur and J is
shown in Equation (21). The larger Ur is, the greater ∆S, and the worse the indoor thermal
environment will be. The fitting equation of Ur and ∆S is shown in Equation (22):

J = 0.4687− 0.0177×Ur + 0.0028×Ur
2, R2 = 0.9973 (21)

∆S = 3760.3759 + 104.7619×Ur − 14.8360×Ur
2, R2 = 0.9985 (22)
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The influence of roof heat transfer coefficient Ur on the APMV is shown in Figure 15.
As Ur increases, the APMV presents a nonlinear change. Ur and APMV can be fit as a cubic
function equation; see Equation (23):

APMV = −0.7431+ 0.0097×Ur− 0.0053×Ur
2 + 8.8656× 10−4×Ur

3, R2 = 0.9194 (23)
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4. Discussion
4.1. The Impact of Costs on the Energy Saving Rate and Thermal Comfort

The impact of the total input costs of building retrofit on the building energy-saving
rate is shown in Figure 16. The higher the costs are, the better the energy-saving effect
will be. The influence of retrofit costs C on energy-saving rate J can be fit as Equation (24).
Equation (24) shows that, for every $1000 increase in retrofit costs, the building energy-
saving rate will increase by 1.30%. The influence of the total retrofit costs on the thermal
comfort of the building is shown in Figure 17. The retrofit costs C are negatively correlated
with the adaptive thermal discomfort degree-hours ∆S. The fitting Equation (25) of C and
∆S shows that, for every $1000 increase in the retrofit costs, the adaptive thermal discomfort
degree-hours decrease by 77.40 C◦·h.

J = 0.3734 + 1.2981× 10−5 × C, R2 = 0.7363 (24)

∆S = 4331.7018− 0.0774× C, R2 = 0.7681 (25)

4.2. The Impact of Costs on Different Retrofit Measures

The building’s energy-saving reconstruction measures mainly include replacing the
external windows and adding an external wall and roof insulation layer. The costs have
different influences on the energy-saving effect of different reconstruction measures. Ac-
cording to Figures 18–20, it can be seen that, overall, the higher the input costs are, the
higher the energy-saving rate J of the building, and the smaller the adaptive thermal
discomfort degree-hours will be. The sensitivity of the energy-saving rate and comfort
level of different retrofit measures to changes in costs is different.

The fitting equations of energy-saving rate J and retrofit costs C are shown in Table 5.
Comparing the slopes of each fitting equation shows that the absolute slope of the external
wall is the largest, indicating that J is the most sensitive to the change in C during the
retrofit of the external wall. The energy-saving rate increases by 1.71% for every $1000
increase in the retrofit costs of the external wall. The energy-saving rate increases by 0.45%
and 0.94% for every $1000 increase in the retrofit costs of the external window and roof.

The fitting equations of ∆S and C are shown in Table 6. The ∆S of the external wall
is the most sensitive to the change of C, and ∆S decreases by 98.7 C◦·h for every $1000
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increase in C. The ∆S of the external window and roof decreases by 32 C◦·h and 62 C◦·h
for every $1000 increase in C.
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4.3. Entropy Weight Optimization Analysis

The detailed calculation steps of the entropy weight decision method are shown in
Section 2.5. Equations (12) and (14) are used to analyze the data of all working conditions,
and the entropy E and entropy weight W of the three indicator variables are obtained, as
shown in Table 7. The entropy weight of the retrofit costs, which is 0.3454, is the highest.
The entropy value of energy-saving rate is the largest, and the corresponding entropy
weight, which is 0.3218, is the smallest.
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Equation (15) is used to calculate the index data of each working condition to obtain
the proximity value Ti of all retrofit schemes. By comparison, it is found that the minimum
value of Ti is 0.3403 (optimal scheme), and the corresponding operating parameters are
6+12A+6 double insulating glass windows, a 50 mm thick external wall insulation layer
and a 90 mm thick roof insulation layer. Compared with the benchmark scheme (Table 8),
it is found that, under the optimal working condition, the building energy-saving rate
J increases by 23.81%, and the adaptive thermal discomfort degree-hours ∆S decreases
by 13.17%.

As Figure 21 shows, the overall proximity value of the single-glass 6 mm external
window and 6+12A+6 insulating glass window is very small, while the overall proximity
value of the low-e 6+12A+6 three-layer insulating glass window is the largest with an
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average value of 0.5306. The greater Ti is, the worse the reconstruction scheme will be. The
mean proximity values (Ti) of other external windows are shown in Table 9.
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Table 5. The fitting equations of the energy-saving rate and retrofit costs.

Position Fitting Equation

External window J = 0.4459 + 4.5466× 10−6 × C, R2 = 0.6789
External wall J = 0.3481 + 1.7141× 10−5 × C, R2 = 0.8513

Roof J = 0.3950 + 9.4329× 10−6 × C, R2 = 0.9157

Table 6. The fitting equations of thermal discomfort degree-hours and retrofit costs.

Position Fitting Equation

External window ∆S = 3905.7751− 0.032× C, R2 = 0.9570
External wall ∆S = 4460.3706− 0.0987× C, R2 = 0.8477

Roof ∆S = 4237.9651− 0.062× C, R2 = 0.9305

Table 7. Entropy analysis of indicators.

Indicator J ∆S (C◦·h) C ($)

E 0.9892 0.9888 0.9884
W 0.3218 0.3328 0.3454

Table 8. Comparison of the optimal scheme with the benchmark buildings.

Comparison Object J ∆S (C◦·h) C ($)

Benchmark building 0.3979 4185.8340 0.0000
Optimal scheme 0.4926 3634.5740 8163.6541

As Figure 22 shows, as the thickness of the external wall insulation layer changes,
the Ti data are relatively scattered, indicating that the proximity value is more sensitive
to the change in the external wall insulation layer thickness. Overall, the mean proximity
Ti value decreases as the insulation layer thickness increases. When the thickness of the
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external wall insulation layer is 50 mm (optimal insulation thickness), Ti is the smallest,
which is 0.3821.
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Table 9. The mean proximity values of external windows.

Window Types Ti

6 mm single-layer glass (no break) 0.4944
5+6A+5 double insulating glass (no break) 0.5260

Low-e 6+12A+6 double insulating glass (with thermal break) 0.5153
6+12A+6 double insulating glass (with thermal break) 0.5071

6+12A+6+12A+6 three-layer insulating glass (with thermal break) 0.5119
Low-e 6+12A+6+12A+6 three-layer insulating glass (with thermal break) 0.5306
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The variation in Ti in the roof reconstruction with the thickness of the insulation layer
is shown in Figure 23. The distribution of the data is relatively concentrated, and the
proximity is less sensitive to the change in the thickness of the insulation layer than to the
change in the external wall. When the thickness of the insulation layer increases to 70 mm,
Ti changes slightly. When the thickness of the insulation layer is 90 mm (optimal insulation
thickness), Ti is the smallest, which is 0.4967. As the thickness increases to 100 mm, Ti
begins to rise. The Ti values of the external wall and roof with different thickness insulation
layer are shown in Table 10.
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Table 10. Mean proximity values of the external walls and the roofs.

Insulation Thickness (mm)
External Wall Ti Roof Ti

External Wall Roof

0 0 0.6444 0.5322
5 10 0.6733 0.5535
10 20 0.6193 0.5360
15 30 0.6193 0.5230
20 40 0.5337 0.5134
25 50 0.4993 0.5067
30 60 0.4694 0.5020
35 70 0.4432 0.4990
40 80 0.4202 0.4974
45 90 0.4002 0.4967
50 100 0.3821 0.4970

5. Conclusions

This study mainly took rural residential buildings with natural ventilation as the
research object, and the typical building energy-saving retrofit model was established on
the basis of a field investigation. The main measures of building energy-saving retrofit
were replacing the external windows and adding external wall and roof insulation layers.
The parameters of the three measures were freely combined, and a total of 725 working
conditions were obtained. The representative values of energy saving and the thermal
comfort performance of the buildings were obtained using simulation analysis software.
Taking the energy-saving rate, thermal comfort and retrofit costs of the envelope structure
as the optimization objectives, the entropy weight method was used to analyze all the
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working conditions, and the advantages and disadvantages were ranked by the proximity
value as the index so as to obtain the optimal energy-saving retrofit scheme. The main
conclusions of the study can be summarized as follows.

Total investment costs have a great impact on the energy-saving effect after retrofit. For
every $1000 increase in retrofit costs, the building energy-saving rate J increased by 1.30%,
and ∆S decreased by 77.40 C◦·h. Among the three retrofit measures, the energy-saving
effect of the external insulation layer of the external wall is the most sensitive to the retrofit
costs. For every $1000 increase in the costs, the building energy-saving rate J increased by
1.71%, and ∆S decreased by 98.70 C◦·h. In the case of limited retrofit funds, the order of
selection of energy-saving retrofit measures was external wall, roof and external windows.

Under the condition of natural ventilation, the building energy-saving retrofit should
give priority to the selection of 6 m thick single layer glass windows and 6+12A+6 mm
double insulating glass windows, and it is not suitable to use low-e 6+12A+6+12A+6 mm
three-layer insulating glass windows.

The entropy weight method is used to give objective weights to the optimization
indexes. Using this method, costs have the largest entropy weight (EC = 0.3454), followed
by the adaptive thermal discomfort degree-hours and the energy-saving rate. Taking Ti
as the decision index, the optimal scheme was selected. The optimal scheme parameters
were 6+12A+6-mm double insulating glass window + 50-mm thick external wall insulation
+ 90-mm thick roof insulation. Compared with the benchmark building, it was found that
the energy-saving rate J of the optimal scheme was increased by 23.81%, ∆S was decreased
by 13.17%, and the retrofit costs were $8163.65.

The mean proximity Ti decreases as the thickness of the external wall insulation layer
increases, and the minimum value was 0.3821 when the thickness was 50 mm (optimal
insulation thickness). For roof insulation, the minimum Ti was 0.4967 when the thickness
of the insulation layer was 90 mm (optimal insulation thickness).
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Nomenclature

Uw external window heat transfer coefficient (W/m2K)
Ue external wall heat transfer coefficient (W/m2K)
Ur roof heat transfer coefficient (W/m2K)
De external wall insulation thickness (mm)
Dr roof insulation thickness (mm)
C retrofit costs ($)
J energy-saving contribution rate of envelope structure (referred to as the “energy-saving rate”) [19]
Tout outdoor air temperature (◦C)
Tin mean indoor operative temperature (◦C)
Tn indoor comfortable temperature (◦C)
H reference degree-hours (C◦·h)
H1 design degree-hours (C◦·h)
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ti indoor operative temperature in a room (◦C)
si room floor area (m2)
N the total number of rooms in the building model
PMV predicted mean vote
APMV adaptive predicted mean vote [64]
λ adaptive coefficient [62]
∆S annual adaptive thermal discomfort degree-hours (C◦·h)
∆S1 annual hot adaptive thermal discomfort degree-hours (C◦·h)
∆S2 annual cold adaptive thermal discomfort degree-hours (C◦·h)
∆APMV degree of adaptive thermal discomfort
Ej entropy
Wj entropy weight
Ti proximity [31]
Ti mean proximity
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