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Abstract: Along with the rapid urbanization and economic growth of China over the past decades,
the thermal comfort needs of the people in this region have risen dramatically, and at the same time,
promoting building energy efficiency is cited as part of the major projects in the 14th five-year plan
for energy efficiency improvement. In addition, the outbreak of the COVID-19 epidemic has plunged
people into long-term panic, and promoted the entire construction industry to think about a healthier
and more sustainable living environment. To respond to the imbalance between energy supply and
demand, an optimization analysis based on energy use is developed, assessing the energy efficiency
of the window-to-wall ratio (WWR) design and calculating the energy consumption of three different
types of residential buildings for both cooling and heating loads as well as for year-round loads.
Owing to its harsh climate and huge energy consumption, in this study, the Hot-summer and Cold-
winter (HSCW) zone of China was chosen as the experimental setting for the optimization analysis of
WWR. Then, in the three main types of residential buildings, including detached houses, multi-story
dwellings and high-rise dwellings, a correlation between WWRS and energy consumption in the
cooling season, heating season and year-round was built. The comparisons between the WWRS

and energy consumption for different types of residential buildings are presented. The design
optimization recommendation for WWRS are proposed. It has significant positive meanings for the
development of green and sustainably designed residential buildings that offer high levels of thermal
comfort and energy efficiency.

Keywords: energy efficiency; building type; human thermal comfort; window-to-wall ratio (WWR);
optimization analysis; computer-aided simulation

1. Introduction

In recent decades, as populations and living standards have climbed, energy issue
has become more and more prominent in present-day world society and, in the near
future, energy will likely become a worldwide resource shortage [1,2]. China, for example,
has seen a steady increase in its energy demand, with an average annual growth rate of
around 5.50% over the last 39 years. To be precise, its total energy use has risen from
603 million tonnes of standard coal equivalent in 1980 to 4870 tonnes in 2019 [3]. Numerous
relevant data show that the residential energy consumption (REC) is the second category
(27.9% in 2018) that accounts for total national energy consumption after industrial energy
consumption, and approximately 65% of the energy is consumed in the heating and cooling
loads of residential buildings [4]. Since the end of 2019, COVID-19 has caused people to
fall into extreme panic all over the world. In order to prevent the continued spread of the
epidemic, everyone had to be trapped at home, which prolonged indoor time. During the
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long-term home epidemic prevention process, the quality of life in the house has gradually
become a focus of attention, and in particular to the human thermal comfort. At the same
time, as the standard of everyday life continues to improve, people’s requirements for
living conditions are becoming more and more stringent [5], especially for human thermal
comfort in living spaces. Under these circumstances, people’s indoor environment does
not give them a comfortable thermal comfort condition. It follows that people’s growing
demand for thermal comfort is one of the core contributors to the increasing energy use of
residential buildings. The developing trend of building energy consumption in China over
the past 14 years is shown in Figure 1, displaying a steady increase and reaching nearly
10 billion tons of standard coal (TCE) in 2018, of which the energy consumption of cooling
and heating equipment such as the HVAC system accounted for 65%. Specific to each
household, the electric energy consumption is also on a rapidly rising trend, and reached
722 kWh per capita in 2018 [6]. It means that in the foreseeable future, as people’s demand
for thermal comfort rising continuously, the increase in energy consumption is obvious.
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Measures to reduce heat emissions from the interior to the exterior of a building play
an important role in creating a suitable indoor thermal environment and saving energy.
Measures to reduce heat emission from the inside of the building to the outside play an
important role in creating a suitable indoor thermal environment and saving energy. The
volume factor of the building should be minimized. Volume factor is the ratio of the
surface area to the volume of a building. Its magnitude reflects the size of the surface area
of the building. From the comparison of surface results, the larger the volume factor, it
means that for the same volume of room, the larger the surface area, the more energy loss
way of the building; at the same time, the smaller the volume factor, it means the smaller
the external window area of the building and the relatively low cost. The height of the
building and the height of the floor are also important parameters that directly affect the
volume factor and indirectly affect the heat absorption and heat loss of the building. The
performance of the exterior envelope also directly affects the heat loss parameter. The
exterior walls and the doors and windows on the exterior walls bear the main functions of
lighting and ventilation of the building. Choosing a suitable window-to-wall area ratio
and adopting windows with small heat transfer coefficient are important ways to improve
the thermal insulation performance of exterior windows. However, as a part of high
energy consumption, there is still a great gap between China and the other developed
countries in the level of energy efficiency of residential buildings. Therefore, to effectively
improve the energy consumption of residential buildings and their impact on the climate
environment, many scholars have conducted many studies on the energy consumption
and thermal performance of the residential building envelope. Furthermore, these studies
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confirm that the most direct and effective way to improve the thermal performance of
residential buildings is to change the exterior form of the building and optimize the
thermal performance of the envelope [7]. However, it is worth noting that this is not
a single and easy task, as it is well-known to all that the composition of the building
envelope is complex, including many components, such as walls, windows and doors, etc.
The thermal performances of these constituent elements are different and therefore have
different effects on the flow of energy (heat loss, solar gain, etc.) between the interior and
exterior, as well as on various aspects of indoor comfort, such as visual shading, acoustic
transmission, etc. Additionally, people increasingly tend to prefer residential buildings with
large floor-to-ceiling windows in modern life, but floor-to-ceiling windows are detrimental
to building energy-saving, as exterior windows contribute to a larger proportion of the
energy consumption of maintenance structures. It can be seen that the window-to-wall
ratio (WWR), defined as the ratio of the area of the window opening to the area of the
wall facade of the room in which the window is located, is an important parameter that
affects the thermal performance of the building envelope and the energy consumption of
the building. Because the heat transfer factor of the window is greater than that of the
wall. With an increase in the area of the windows, the heat transfer from the room to the
outside the heat gained by the solar radiation inside is all enhanced. Both of these are
unfavorable factors for the cooling load of the building, but doubly so for the heating
load. Thus, when the cooling load of the building becomes the main energy consumption,
excessively large windows are damaging to energy efficiency. However, for residential
buildings with multiple orientations, the extent to which the WWR contributes to the
energy consumption of a room varies in each direction, as the solar radiation is different in
each direction of the building. Therefore, in order to most directly and effectively improve
the energy efficiency of residential buildings, it is essential to determine the impact of
WWR on the energy consumption in all directions. It has been shown that increasing the
value of WWR will not only increase the solar radiation indoors, but also enhance the
energy flow and heat exchange between indoors and outdoors. In this way, the increased
solar radiation, although beneficial to improve the indoor thermal environment in winter,
will lead to an increase in energy use for air conditioning in summer. In addition, while
the increased indoor-outdoor heat exchange raises the heat consumption of the room in
winter, it facilitates indoor heat dissipation in summer [8]. Several studies have shown
that the effects of increased WWR are multifaceted, with benefits and detriments to the
indoor thermal environment in winter and summer, respectively. Therefore, a reasonable
WWR should be determined in order to jointly improve human thermal comfort and
energy efficiency.

The innovation and novelty of this paper lies in the logical coherence. The author first
conducted a questionnaire survey on basic building information, thermal comfort, thermal
demand and energy consumption status of residents, with 368 valid questionnaires, which
is the first-hand information of such research in the region. By compiling the data from
the questionnaires, the cases were classified into three building types: detached houses,
multi-story dwellings and high-rise dwellings. Then, indoor thermal conditions data
collection was conducted for one year for typical cases of each building type, and based on
this, building models with reasonable boundary conditions were established to optimize
the analysis of WWR and ensure the accuracy and reasonableness of the data. In this case,
it is crucial to consider all three together by forming the current situation of people’s desire
for thermal comfort and huge energy consumption. This study investigates this topic
and explores whether there exists an optimal WWR that not only maximizes the energy
efficiency of residential buildings, but also provides better thermal comfort for the residents,
which is a very novel idea and attempt. In conclusion, this study provides practical
information for architects and the building industry, as well as a method that can be used
to configure an appropriate WWR that provides reference data for a reasonable value
of residential buildings. This aspect of the study is important for designing sustainable
residential buildings with high energy efficiency and satisfactory thermal comfort.
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2. Literature Review

In terms of the current state of research, there have been numerous publications and
discussions on the impact of WWR on the building energy consumption, and most of
them have confirmed that the building energy consumption and WWR are basically in
a positive linear relationship, but no discuss of reasonable WWR is made [9–14]. From
the perspectives of dynamic simulation and steady-state calculation are the most common
methods, but the research conclusions on the reasonable value of WWR are inconsistent.
In the Hot-summer and Cold-winter (HSCW) zone of China, for an indication, the former
shows a power-of-quadratic correlation between energy consumption and WWR in the
south of residential buildings, while printing a positive linear relationship in the other
directions [15]. The latter, a calculation method based on steady state, points out that
the consumption of heating has a positive linear relationship with the WWR in all di-
rections [16]. Clearly, the results of these two studies show that the smaller the value of
WWR, the more significant the effect on building energy efficiency. The current “Design
Standard for Energy Efficiency of Residential Buildings in Hot Summer and Cold Winter
Zone” (JGJ134-2010) [17] of China uses the dynamic simulation analysis method to study
the relationship between the reasonable value of WWR of each orientation and the thermal
insulation performance of external windows [18]. It has been noted that the maximum
WWR of 0.6 for south-facing can only be set when the heat transfer coefficient of the exter-
nal windows is reduced to 2.5 W/(m2◦C) [19]. At the same time, for east and west exterior
windows, if an exterior shading facility with a solar radiation transmittance of less than
0.25 is used, the WWR can also be increased to 0.6.

Besides, a number of scholars have discussed the relationship between WWR and
human thermal comfort [20–28]. By using an office as an experimental space and con-
ducting thermal comfort evaluation statistics for the people, the best value of the WWR is
evaluated, which may provide pleasant situations during the longest time of the year [25].
In terms of comfort, however, it should also be noted that the degree of influence of window
characteristics in the practical environment also lies in human performance [29]. It can be
found that there are more optimization analyses of WWR for residential buildings, but few
sub-studies of different building types relatively, and this paper can fill the gap of relevant
basic data in this part. Precisely, the existing studies on WWR, energy consumption in
residential buildings and human thermal comfort are independent.

3. Methodology
3.1. Questionnaire Investigation

The questionnaire investigation method was used as the first step in this study to
conduct a statistical survey of residential building characteristics, energy consumption, and
human thermal comfort ratings of urban residents in the HSCW zone of China. As shown
in Figure 2, there were three areas from the most developed region, namely Shanghai,
Zhejiang province, and Jiangsu province, were analyzed. In this study, questionnaires were
distributed in the form of paper questionnaires, which were completed from March to June
2018, with a total of 500 distributed and 480 returned, removing invalid questionnaires for
a total of 368 usable questionnaires.

3.1.1. Investigation Method

In order to better understand the underlying information such as building information,
thermal comfort status, thermal demand, energy consumption and other basic data in the
HSCW zone, and lay the foundation for following research, this paper filtered cities based
on multiple criteria and randomly samples from different cities. Furthermore, then the
sample data were classified and extracted. After the questionnaire is distributed, data
processing is conducted. In this study, there are three common and practical methods can
be used as follows:

• Samples deletion. This method is often used when the entire questionnaire has no
answer, and should be removed.
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• Partial deletion. Some items in the questionnaire are unanswered, then the information
for this variable in the sample can be deleted, but the statistical information for other
variables is still valid.

• Modify. This is a way of replacing a missing value with another value. For a variable
where the proportion of missing values is under 5% of the total sample, the overall
mean of the variable can be used to replace the missing value. However, in the case
where the proportion of missing values exceeds 5%, it is recommended that a “hot
deck” approach be used, whereby similar samples are divided into groups and the
mean of this group is chosen to replace the missing data in these groups [30,31].

Sustainability 2021, 13, x FOR PEER REVIEW 5 of 26 
 

 
Figure 2. The layout of the five climate zones in China and the cities investigated. 

3.1.1. Investigation Method 
In order to better understand the underlying information such as building infor-

mation, thermal comfort status, thermal demand, energy consumption and other basic 
data in the HSCW zone, and lay the foundation for following research, this paper filtered 
cities based on multiple criteria and randomly samples from different cities. Furthermore, 
then the sample data were classified and extracted. After the questionnaire is distributed, 
data processing is conducted. In this study, there are three common and practical methods 
can be used as follows: 
• Samples deletion. This method is often used when the entire questionnaire has no 

answer, and should be removed. 
• Partial deletion. Some items in the questionnaire are unanswered, then the infor-

mation for this variable in the sample can be deleted, but the statistical information 
for other variables is still valid. 

• Modify. This is a way of replacing a missing value with another value. For a variable 
where the proportion of missing values is under 5% of the total sample, the overall 
mean of the variable can be used to replace the missing value. However, in the case 
where the proportion of missing values exceeds 5%, it is recommended that a “hot 
deck” approach be used, whereby similar samples are divided into groups and the 
mean of this group is chosen to replace the missing data in these groups [30,31]. 

3.1.2. Results of the Questionnaire Investigation 

Household Characteristics 
Table 1 listed the main content of this questionnaire. Before the questionnaire was 

distributed, the sampling method was designed scientifically and rationally to make the 
data of survey samples more objective and effective. Therefore, a three-stage sampling 
method was used to first identify survey cities, secondly select residential areas in each 
survey city, and finally select households in each of the selected residential areas for the 
survey [32]. 

  

Figure 2. The layout of the five climate zones in China and the cities investigated.

3.1.2. Results of the Questionnaire Investigation
Household Characteristics

Table 1 listed the main content of this questionnaire. Before the questionnaire was
distributed, the sampling method was designed scientifically and rationally to make the
data of survey samples more objective and effective. Therefore, a three-stage sampling
method was used to first identify survey cities, secondly select residential areas in each
survey city, and finally select households in each of the selected residential areas for the
survey [32].

Table 1. Related basic information.

Building Location Building Area
Family Number Construction Time

Building Structures Window Area

Generally, there are three types of residential buildings according to building height,
as shown in Table 2: detached houses (1 to 3 stories), multi-story dwellings (4 to 6 stories)
and high-rise dwellings (7 stories and above).
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Table 2. Relationship between building type and number of floors.

Building Type Story Number

Detached House 1–3
Multi-story Dwelling 4–6
High-rise Dwelling 7+

As presented in Figure 3, the occupancy ratios of the three residential building types
in this survey are a reasonable reflection of the actual situation in the surveyed cities.
Approximately 50.00% of the respondents were high-rise dwellings, 33.33% were multi-
story dwellings, and only 16.67% were detached houses.
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Figure 4 shows the age of construction of the selected residential buildings in the
three surveyed cities. It can be observed that, among the buildings selected, those built
after the 1990s are mainly multi-story and high-rise dwellings, while very few high-rise
dwellings were built before the 1990s. Furthermore, concerning floor area of the residences,
the average areas of all residential buildings of three types were calculated in this study,
which can be a basis for comparison between the three building types. A detached house
has the mean average area, about 121 m2/household, while the average areas of multi-story
dwelling and high-rise dwelling are 106 m2/household and 118 m2/household respectively.
Finally, the window area of each building type is shown in Figure 5. Detached house always
uses the largest window size, while the multi-story dwelling has the smallest window size.
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Energy Consumption and Thermal Satisfaction

Figure 6 shows that 95% of the surveyed households use air conditioning as their
primary heating/cooling device. As illustrated in Figure 7 and combined with the energy
use of each household, it can be seen that detached house is the most energy-efficient
building type. Furthermore, in contrast to the other two types, the residential building
energy use of high-rise dwellings is somewhat higher than in the case of multi-story
dwellings in both summer and winter. As far as building types are concerned, the type
with the highest energy consumption is the high-rise dwellings, while the detached house
is the most energy-efficient type. However, in practical terms, for single-family houses,
which are the largest of the three building types, inefficient space utilization is the main
reason for low energy consumption.
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Figure 8 shows the satisfaction level of the surveyed residents with the thermal
condition of their houses. It is clear to see that very few people have chosen “Strongly
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dissatisfied”, and only about 38% of residents in multi-story dwellings were “Neutral” or
more satisfied. In contrast, the other two types were above 45%. From another point of
view, as shown in Figure 4, high-rise dwelling is the newest built type among the three
residential building types, with the better materials, building techniques processes and
construction technology than before, so the investigated residents’ thermal satisfaction
(“Neutral” and above it) for high-rise dwellings is higher than for the other building types.
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In addition, the analysis of residents’ thermal satisfaction proved that the three resi-
dential building types have very similar resident satisfaction ratings. Based on this premise,
and with a certain air-conditioning efficiency, the building energy consumption is propor-
tional to the WWR. Figure 9 illustrates the relationship between the WWR and residential
building energy consumption in summer, winter and year-round for the three building
types. Whether it is the detached house, the multi-story dwelling or the high-rise dwelling,
the larger the building energy consumption in summer or winter, the larger the correspond-
ing WWR. It is thus clear that the WWR does have considerable influence on the residential
building energy consumption.
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Table 3 shows the most common window types of the three housing types. Comparing
the thermal conductivity K between various window types, the double-glazed window
in high-rise dwelling was the most energy-efficient, while the single window in detached
house was the least, because the high-rise dwelling is the newest type to be built. With the
corresponding building design specifications improved gradually, the thermal performance
requirements for windows of high-rise dwelling are higher than the others. Moreover,
linking the K of the window with Figure 9, it is not difficult to find that the WWR of the
detached house changed more with energy use, while the change of high-rise dwelling
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was the most slightly, as the window of the detached house is the option with the worst
thermal performance.

Table 3. Thermal parameters of external windows of three building types.

Building Type Window Type K (Wm−2 k−1)

Detached House Single Glazed Window 4.00
Multi-story Dwelling Single Frame Double Glazed Window 3.90
High-rise Dwelling Double Glazed Window 3.00

3.2. Field Survey
3.2.1. Selection of Location

Climatic conditions vary significantly from area to area in China, contributing to the
differing characteristics of building energy consumption in different regions. The “Thermal
Design Code for Civil Buildings” [33] defines the division of China into five climatic zones
based on the average temperature of the coldest and hottest months, as shown in Figure 2.

• The climate zone covers 16 provinces, containing half number of provinces in China,
more than 40% of the Chinese population lives in the region, which is no more than 20%
of China’s land area, and a higher population density in the HSCW zone compared to
that in other climate zones.

• The economic situation and growth rate are both better than other regions, accounting
for 48% of GDP in 2019.

• The region has very specific climatic conditions that require both cooling in summer
and heating in winter, and consumes more energy than other regions.

Based on meteorological data form the Typical Meteorological Year, it can be found that
the average outdoor temperature in this zone is 0–10 ◦C in the coldest month and 25–30 ◦C
in the hottest month [34]. At the same time the relative humidity throughout the year is
70–80%, sometimes even higher. In addition to these characteristics, with the long period of
summer and winter (summer: early May to late September, winter: mid-December to mid-
February next year) and significant climatic differences, the building energy consumption
in HSCW zone accounts for about 45% of the national energy consumption in buildings.

According to Chinese design regulations and local traditional customs, buildings
in the HSCW area are not designed with central heating systems. Taking Shanghai as
an example, the daily outdoor dry bulb temperature, relative humidity and direct solar
radiation in Shanghai during a year are shown in Figures 10–12. In Figure 10, the black area
is the comfort zone. Then, the temperatures in summer and winter are different, too low in
winter and too high in summer. In addition, in Figure 11, the humidity is kept at a high
level of about 60–85% throughout the year. The energy savings are severe in both summer
and cold seasons. In Figure 12, the direct solar radiation shows that it can significantly
affect the thermal situation in the room.
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3.2.2. Case Models Constructing

According to the results of the questionnaire investigation, three case models need
to be selected to represent the three building types in this study. While selecting the
case models, we have set up relevant boundary conditions to ensure the credibility of
the research:

• Select the middle floor. In order to avoid the case models from being affected by
different insulation layers on the roof, the detached house chose the second floor
(3 floors in total), the multi-story dwelling chose the third floor (6 floors in total), and
the sixth floor was selected of high-rise dwelling (11 floors in total);

• Select the household units on the edge. The impact of WWR in different orientations
(south, east, north, and west) on building energy consumption is the core content of
this study, so it is vital to choose households with all three orientations. In addition,
the east-facing room is selected as the research area to represent the east and west
orientations, as saving experimental costs.

Finally, these three cases models were selected as follows:

• Detached house;
• Multi-story dwelling;
• High-rise dwelling.

In addition, indoor temperature and humidity measurements were carried out for one
year for three types of buildings.

The layouts of the three cases are shown in Figure 13, and the basic information is
also shown in Table 4. The floor areas of the three cases were 61.1 m2 (only the area of
one floor was calculated), 82.7 m2 and 86.5 m2, respectively. For different building types,
each building type has its own characteristics. For example, in the case of balconies, the
balconies of high-rise dwellings are located outside the bedrooms, the balconies of multi-
story dwellings are located outside the living rooms, and the balconies of freestanding
houses are located on the 2nd and 3rd floors.
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Table 4. Basic information of measurement areas.

Building Type Area (m2)

Detached House 18.10
Multi-story Dwelling 13.50
High-rise Dwelling 13.47

In this field survey, each room of three case models was tested, generating much valid
data. To facilitate the explanation of the relationship between the WWR, human thermal
comfort and energy consumption for the three cases, the master bedroom in the south-face
is taken as an example for the discussion here. So, only the effect of the change of the
WWR of the master bedroom be explored in this study, while the WWR ratios of the second
bedroom, kitchen and bathroom remain unchanged. In Figure 13, the shaded area is the
measurement area in this study, and the window types of the three cases are different. If it
is detached house, the window area is 5.04 m2, the WWR is 0.51. In multi-story dwelling,
the window area is 6.3 m2, the WWR is 0.60. Lastly, in high-rise dwelling, the window area
is 5.88 m2, the WWR is 0.67.

The outdoor climatic conditions of the three building types are basically the same, and
the unoccupied occupants can illustrate the thermal performance and insulation effect of
the envelope. As shown in Table 5, the thermal parameters of the exterior walls of the three
building types (in the order from outside to inside) are:

• For detached house, the Layers and materials were 30 mm Polyphenyl granule +
20 mm Cement mortar + 170 mm Reinforced concrete + 20 mm Cement-lime mor-
tar [35];

• For multi-story dwelling, the Layers and materials were 30 mm Semi-hard mineral
wool board + 20 mm Cement mortar + 170 mm Reinforced concrete + 20 mm Cement-
lime mortar [36];

• For high-rise dwelling, the Layers and materials were 20 mm Expanded polystyrene
panel + 20 mm Cement mortar + 170 mm Reinforced concrete + 20 mm Cement-lime
mortar [36].

The thermal performance of external walls and roofs meets the requirements of “De-
sign Standard for Energy-saving Residential Buildings in Hot Summer and Cold Winter
Zone”. As for the types of exterior windows, they are all plastic steel hollow windows. In
the selection of window types, the most common window types in the three types of build-
ings in the questionnaire investigation were followed, avoiding the influence of window
thermal performance on building energy consumption and ensuring the authenticity of the
experimental data.

The hourly heat generation data of the lighting fixtures, electrical equipment and gas
stoves in each room in the house are in the literature. The operation mode of heating and
air-conditioning equipment is intermittent operation, while the indoor set temperature is
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18 ◦C and 26 ◦C, respectively. The air-source heat pump air conditioner is selected as a
source of cooling and heating, and the rated energy efficiency ratio is consistent with the
current “Design Standard for Energy-saving Residential Buildings in Hot Summer and
Cold Winter Areas”, with heating at 1.9 and air conditioning at 2.3. For the ventilation of the
room, first consider adopting a fixed ventilation method of 1 h−1 air changes throughout
the year.

Table 5. The thermal parameters of external walls for the three building types.

Building Type Wall Alternatives Materials (from Outside to
Inside) d (m) K (W m−2

k−1) D

Detached House

Concrete Wall Insulated
Sand Aerated Block

Outside

Sand Aerated Block
Cement Mortar

Reinforced Concrete
Cement-lime Mortar

0.06
0.01
0.17
0.01

1.23 3.46
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3.2.3. Evaluation Indices

In this study, the PMV/PPD model, proposed by P.O. Fanger using the heat-balance
equations and empirical studies on skin temperature, was chosen as a way to define
comfort. In this model, subjects were asked about their thermal sensations through a
standard thermal comfort survey, and people’s thermal sensations were classified on a
7-point scale from cold (−3) to hot (+3). At the same time, Fanger’s equations are used to
calculate the PMV for a specific combination of air temperature, mean radiant temperature,
relative humidity, air velocity, metabolic rate, and clothing insulation in the space where a
set of subjects are located [37,38]. Thus, the PMV index, an integrated and objective value
scale, is an important parameter that can be used to evaluate thermal comfort condition, as
it incorporates a number of thermal comfort influences such as air temperature, air velocity,
mean radiant temperature, humidity, clothing and activity level, among others, the thermal
sensation scale can be seen in Table 6. The ranges of application for the PMV model were
shown in Table 7.

Table 6. Thermal sensation scale of PMV.

+3 Hot
+2 Warm
+1 Slight Warm
0 Neutral
−1 Sightly Cool
−2 Cool
−3 Cold
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Table 7. Ranges of application for the PMV model.

Parameter Value Unit

Air Temperature 10–30 ◦C
Mean Radiant Temperature 10–40 ◦C

Water Vapor Partial Pressure 0–2700 Pa
Air Velocity 0–1.0 m/s

Metabolic Rate 0.8–4.0
46–232

Met
Wm−2

Thermal Insulation 0–2.0
0–0.310

Clo
M2kw−1

PMV −3 to +3 1

When PMV is zero, thermal comfort remains constant; when PMV is greater than 0, it
indicates relatively hot conditions, where +1, +2 and +3 indicate slightly warm, warm and
hot conditions; and when PMV is less than 0, it indicates relatively cold conditions, where
+1, +2 and +3 indicate slightly cool, cool and cold conditions [38,39].

In association with relevant academic studies, to express the quality of the thermal
environment, the percentage of thermal dissatisfaction (i.e., those who feel too cold or too
hot) is predicted quantitatively in this paper, and the PPD index (predicted percentage
of dissatisfaction) is also used. The PPD is related to the PMV value, expressed through
equation (1), whose mathematical structure shows that under thermoneutral conditions
(i.e., PMV = 0), a small dissatisfaction can be expected percentage (5%) [2,38].

In this paper, we consider the usual conditions as a standard base case, the quietly
seated person in the selected units. As shown in Table 8, the temperature and the relative
humidity are all real-time temperature and the relative humidity, as it is an indoor situation
and windows are all closed, the air is steady, so we can make it as 0.1 m/s. For a quietly
seated person, the Met is 1.1. For the clo value, we define it as a typical case, in spring,
autumn, winter season, the common situation is cold if wearing the typical clothes (the clo
value x in Table 8, spring and autumn, clo = 0.75, winter clo = 1, summer clo = 0.5).

Table 8. Parameters setting.

Air Temperature
(◦C)

Relative Humidity
(%)

Temperature
(◦C)

Air Speed
(m/s)

Met. Clo

Real-time
Temperature

Real-time
Humidity

Real-time
Temperature

0.1 1.1 x

3.3. Simulation Method

In this study, the energy dynamic simulation analysis and calculation software DOE-
2IN developed by IBPCABR (Institute of Building Physics, China Academy of Building
Research) was selected to perform energy consumption simulation on three case mod-
els [40]. This software uses the DOE-2 program as the calculation core, which can simulate
the heating and air-conditioning load of the building and the energy consumption of
heating and air-conditioning equipment for 8760 h a year [41]. It is essentially consistent
with the DOE-2 software. The DOE-2 dynamic simulation load calculation method is a
computer program based on the response coefficient method, which was proposed by the
US Department of Energy and developed by the Lawrence Berkeley National Laboratory.

Compared with DOE-2, the DOE2IN has the biggest advantage: it is convenient,
concise and has an intuitive architectural description [42,43]. It runs under the Windows
operating system and has the main characteristics of general Windows applications. The
user should only complete the description of the building through a standard Windows dia-
log box. For example, the corresponding energy-saving material parameters can be selected
through the construction of the envelope structure, moreover, the thermal performance
of the envelope and the building thermal bridges can also be calculated with DOR-2IN.
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Furthermore, other complex analysis calculations and various forms of calculation result
output are completely automatically completed by it.

4. Analysis
4.1. Analysis of Indoor Thermal Comfort of Three Building Types

The PMV of the four seasons is shown in Figure 14.
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In spring, the PMV values in all three cases were between −1 and −3, which is still
cold for a person sitting quietly in a cape. In all three cases, the PMV values for the high-
rise dwellings were between −1 and −2, meaning that more than 60% of people would
feel uncomfortable and need to use air conditioning. The PMV values for multi-story
dwellings ranged between −2 and −2.5, which was a little cold but required the use
of air conditioning for a long time. However, for detached houses, the PMV values are
between −2.5 and −3, which are hot and cold, and require the use of air conditioning
almost full time.

In summer, as shown above, high-rise dwellings require almost full-time air condition-
ing for cooling. Multi-story dwellings require more than half of the time, while detached
dwellings require the least amount of air conditioning time. Therefore, in summer, high-rise
dwellings consume the most energy, while freestanding dwellings require air conditioning
all day and sometimes at night, and multi-story dwellings are the least energy intensive
building type.

In autumn, for high-rise and multi-story dwellings, PMV values are 0 to −2 most
of the time and only a short time air conditioning is needed, but for detached houses,
PMV values are −2 to −3 most of the time and it is freezing and longtime air conditioning
operation is needed.

In winter time, the values for high rise dwellings are −0.5 to −2 and people have to
use air conditioners. For multi-story dwellings, PMV values are between −2 and −3, which
are very cold and require the use of air conditioning for long periods of time. However, for
detached houses, the PMV value is always −3, which is an extremely cold condition and
requires the use of air conditioners almost all the time. Based on the above, we can know
that for energy consumption, freestanding houses are the largest, followed by multi-story
dwellings, and high-rise dwellings are the building type with the least energy consumption
in spring.
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In conclusion, among the three building types, detached houses consume the most
energy in a year, followed by multi-story dwellings. High-rise dwellings are the most
energy-efficient building type. To demonstrate this result, computer-aided simulations
were conducted.

4.2. Simulation Analysis of the Three Building Models

The simulation program DOE-2 was used in this research verifying the authenticity of
energy consumption and the feasibility of optimized design strategies for each case model
of the three building types.

In many cases, like in the “Design Standard for Energy Efficiency of Residential
Building in Hot Summer and Cold Winter Zone” [17] in China, the energy consumption
standard made based on the indoor temperature was easily set 18 °C in winter and 26 °C
in summer. However, in this study, the energy consumption calculation was based on the
thermal comfort, and the clo was averaged set as one. The outdoor temperature-humidity,
solar radiation, and heat loss/gains were the real-time values. The air conditioner was
assumed to be 24 h operating without natural ventilation. The total energy consumption
in the three building types is shown in Table 9. For the high-rise dwelling, the thermal
performance is better than the other two types, the total energy consumption is only around
half of the other two types. For the multi-story dwelling and the detached house, both
in summer and winter were close, but for the energy consumption per m2, the detached
house is a little better than the multi-story dwelling.

Table 9. Energy consumption for heating/cooling for the three building types.

Building Type Heating (kWh) Cooling (kWh) Total (kWh) Energy Consumption Per m−2

Detached House 1228.66 899.96 2128.62 117.60
Multi-story Dwelling 863.53 613.69 1477.21 109.42
High-rise Dwelling 812.62 581.95 1394.56 103.53

Figure 15a–c, and Table 9 show, for all three building types, that the heating load is
much higher than the cooling load and how to improve the thermal insulation property
is a problem that all building types must face. Additionally, among these three building
types, both in the hot and cold seasons, the heating and cooling loads, high-rise dwelling,
were the lowest. That says the insulation of external envelopes is much better than the
other two types. Multi-story dwelling and high-rise dwelling, for the total heating and
cooling load, the multi-story dwelling type is smaller, but for m2, the detached house is
slightly better than the multi-story dwelling. For the transition seasons, the heating and
cooling loads can still be seen countless, the passive design and natural ventilation should
be considered during our design process.

The energy consumption in three building types is not the real situation because the
user’ habits, usage period, the thermal requirement and so on are different. In the “Design
Standard for Energy Efficiency of Residential Buildings in Hot Summer and Cold Winter
Zone” [17], the energy consumption of residential building should be smaller than 65 kwh
per m2. However, in this simulation, the value is much higher than in the standard, because
the standard is set for the real situation, but the simulation is based on an ideal condition,
nobody in and the air conditioner operating all 24 h to keep the thermal comfort.

The energy consumption results of three building types, which were simulated by the
program DOE-2IN, showed that the energy consumption values obtained in the experiment
were similar, proving the feasibility of the simulation program and can be used normally
in later WWR optimization.
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5. Optimization Analysis of the WWR

The buildings selected in this paper are actual residences, in an attempt to study the
directions of the windows’ sizes influence residential energy consumption. Each direction
of the windows for a single variable change will make all directions of energy load change
in turn and will not affect the results and the trend analysis, to represent the result better,
and in the meantime to avoid facing the influence of different room areas on the energy
load of the building.

In this paper, the simulation results for statistical processing, the per unit area (m2)
energy load index of single room were calculated respectively in a one-year period.

In the interest of better excluding the effect of shading on building energy consumption,
all simulation results in this paper are carried out in the way of no shading. The regression
relationship between residential building unit area (m2) and WWR can be derived from
the simulation results by fitting a polynomial. The first optimization analysis step was to
set the boundary conditions by considering a constant external condition while changing
the WWR index. The boundary conditions are as shown in Table 5. The temperature and
humidity of the three building types in one-year are shown in Figures 16–18.
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In this study, the window orientations are divided into south, north and east, and
Figures 19–21 illustrate the regression relationship of heating load, cooling load, annual en-
ergy consumption load and the WWR in different orientations. Furthermore, the building
energy consumption per unit area is shown in Tables 10–12. As a more detailed supple-
ment, the relationship between the various energy consumption loads per unit area of the
buildings and WWRs is shown in the following three figures.

Sustainability 2021, 13, x FOR PEER REVIEW 20 of 26 
 

 
Figure 19. Relationship between WWRS and building energy consumption for the three building types. 

 
Figure 20. Relationship between WWRN and building energy consumption for the three building types. 

 
Figure 21. The relationship between WWRE and building energy consumption for the three building types. 

Table 10. Heating/cooling energy consumption on the south side of the three building types. 

Building Type WWRS Heating (kWh) Cooling (kWh) Total (kWh) Energy Consumption Per m−2 

Detached House 

0.20 1412.31 723.99 2136.30 118.03 
0.25 1378.48 749.84 2128.32 117.59 
0.30 1345.49 776.16 2121.64 117.22 
0.35 1313.23 803.55 2116.78 116.95 
0.40 1282.01 832.25 2114.26 116.81 
0.45 1252.51 862.14 2114.64 116.83 
0.50 1223.07 893.42 2116.49 116.93 
0.55 1195.12 925.00 2120.12 117.13 
0.60 1168.50 957.20 2125.70 117.44 

Figure 19. Relationship between WWRS and building energy consumption for the three building types.

Sustainability 2021, 13, x FOR PEER REVIEW 20 of 26 
 

 
Figure 19. Relationship between WWRS and building energy consumption for the three building types. 

 
Figure 20. Relationship between WWRN and building energy consumption for the three building types. 

 
Figure 21. The relationship between WWRE and building energy consumption for the three building types. 

Table 10. Heating/cooling energy consumption on the south side of the three building types. 

Building Type WWRS Heating (kWh) Cooling (kWh) Total (kWh) Energy Consumption Per m−2 

Detached House 

0.20 1412.31 723.99 2136.30 118.03 
0.25 1378.48 749.84 2128.32 117.59 
0.30 1345.49 776.16 2121.64 117.22 
0.35 1313.23 803.55 2116.78 116.95 
0.40 1282.01 832.25 2114.26 116.81 
0.45 1252.51 862.14 2114.64 116.83 
0.50 1223.07 893.42 2116.49 116.93 
0.55 1195.12 925.00 2120.12 117.13 
0.60 1168.50 957.20 2125.70 117.44 

Figure 20. Relationship between WWRN and building energy consumption for the three building types.

Sustainability 2021, 13, x FOR PEER REVIEW 20 of 26 
 

 
Figure 19. Relationship between WWRS and building energy consumption for the three building types. 

 
Figure 20. Relationship between WWRN and building energy consumption for the three building types. 

 
Figure 21. The relationship between WWRE and building energy consumption for the three building types. 

Table 10. Heating/cooling energy consumption on the south side of the three building types. 

Building Type WWRS Heating (kWh) Cooling (kWh) Total (kWh) Energy Consumption Per m−2 

Detached House 

0.20 1412.31 723.99 2136.30 118.03 
0.25 1378.48 749.84 2128.32 117.59 
0.30 1345.49 776.16 2121.64 117.22 
0.35 1313.23 803.55 2116.78 116.95 
0.40 1282.01 832.25 2114.26 116.81 
0.45 1252.51 862.14 2114.64 116.83 
0.50 1223.07 893.42 2116.49 116.93 
0.55 1195.12 925.00 2120.12 117.13 
0.60 1168.50 957.20 2125.70 117.44 

Figure 21. The relationship between WWRE and building energy consumption for the three building types.



Sustainability 2021, 13, 6138 19 of 24

Table 10. Heating/cooling energy consumption on the south side of the three building types.

Building Type WWRS Heating (kWh) Cooling (kWh) Total (kWh) Energy Consumption
Per m−2

Detached House

0.20 1412.31 723.99 2136.30 118.03
0.25 1378.48 749.84 2128.32 117.59
0.30 1345.49 776.16 2121.64 117.22
0.35 1313.23 803.55 2116.78 116.95
0.40 1282.01 832.25 2114.26 116.81
0.45 1252.51 862.14 2114.64 116.83
0.50 1223.07 893.42 2116.49 116.93
0.55 1195.12 925.00 2120.12 117.13
0.60 1168.50 957.20 2125.70 117.44
0.65 1142.99 989.18 2132.17 117.80
0.70 1117.49 1021.79 2139.28 118.19

Multi-story Dwelling

0.20 1187.29 308.78 1496.06 110.82
0.25 1142.42 343.59 1486.02 110.08
0.30 1098.08 379.10 1477.18 109.42
0.35 1054.63 416.48 1471.12 108.97
0.40 1012.99 454.70 1467.69 108.72
0.45 972.75 494.31 1467.06 108.67
0.50 934.56 533.48 1468.04 108.74
0.55 898.19 573.15 1471.34 108.99
0.60 863.53 613.69 1477.21 109.42
0.65 831.35 655.92 1487.27 110.17
0.70 801.77 698.28 1500.06 111.12

High-rise Dwelling

0.20 1184.83 227.07 1411.90 104.82
0.25 1135.67 257.11 1392.77 103.40
0.30 1086.55 291.10 1377.65 102.28
0.35 1042.80 322.94 1365.74 101.39
0.40 999.35 358.67 1358.01 100.82
0.45 957.80 397.05 1354.84 100.58
0.50 918.58 438.89 1357.46 100.78
0.55 882.53 479.73 1362.26 101.13
0.60 851.41 522.09 1373.49 101.97
0.65 821.36 566.20 1387.56 103.01
0.70 801.27 604.30 1405.57 104.35

Table 11. Energy consumption in heating/cooling in the north side of the three building types.

Building Type WWRN Heating (kWh) Cooling (kWh) Total (kWh) Energy Consumption
Per m−2

Detached House

0.20 1416.46 724.86 2141.32 167.42
0.25 1443.50 744.50 2188.00 171.07
0.30 1470.19 765.67 2235.87 174.81
0.35 1496.48 786.16 2282.64 178.47
0.40 1523.33 808.23 2331.56 182.30
0.45 1549.46 828.33 2377.79 185.91
0.50 1575.86 849.80 2425.67 189.65
0.55 1602.38 869.77 2472.15 193.29
0.60 1629.56 890.42 2519.98 197.03
0.65 1646.54 900.10 2546.64 199.11
0.70 1682.52 930.50 2613.02 204.30
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Table 11. Cont.

Building Type WWRN Heating (kWh) Cooling (kWh) Total (kWh) Energy Consumption
Per m−2

Multi-story Dwelling

0.20 1665.01 296.95 1961.96 165.85
0.25 1665.54 318.70 1984.25 167.73
0.30 1666.36 340.54 2006.90 169.64
0.35 1667.41 362.38 2029.79 171.58
0.40 1668.86 384.10 2052.96 173.54
0.45 1670.52 406.60 2077.12 175.58
0.50 1672.30 428.02 2100.32 177.54
0.55 1674.10 450.41 2124.51 179.59
0.60 1675.97 472.08 2148.06 181.58
0.65 1677.94 494.70 2172.65 183.66
0.70 1680.11 516.99 2197.10 185.72

High-rise Dwelling

0.20 848.44 123.71 972.14 152.37
0.25 851.58 136.18 987.76 154.82
0.30 854.95 149.22 1004.17 157.39
0.35 858.50 162.77 1021.27 160.07
0.40 862.22 175.39 1037.61 162.64
0.45 866.31 188.67 1054.99 165.36
0.50 870.44 201.66 1072.10 168.04
0.55 872.56 214.87 1087.43 170.44
0.60 874.33 227.15 1101.48 172.65
0.65 878.76 240.60 1119.36 175.45
0.70 883.36 253.48 1136.85 178.19

Table 12. Energy consumption in heating/cooling in the east side of the three building types.

Building Type WWRE Heating (kWh) Cooling (kWh) Total (kWh) Energy Consumption
Per m−2

Detached House

0.20 899.18 503.99 1403.18 169.67
0.25 896.64 524.83 1421.47 171.88
0.30 894.35 543.73 1438.08 173.89
0.35 892.30 563.53 1455.83 176.04
0.40 890.30 582.65 1472.95 178.11
0.45 888.71 601.59 1490.30 180.21
0.50 887.00 620.60 1507.60 182.30
0.55 885.39 639.93 1525.32 184.44
0.60 883.90 658.86 1542.76 186.55
0.65 882.63 677.91 1560.53 188.70
0.70 881.47 697.35 1578.82 190.91

Multi-story Dwelling

0.20 1214.58 204.66 1419.25 128.21
0.25 1192.59 235.03 1427.61 128.96
0.30 1171.42 266.12 1437.53 129.86
0.35 1150.21 298.52 1448.73 130.87
0.40 1129.85 331.74 1461.60 132.03
0.45 1111.03 365.55 1476.57 133.38
0.50 1093.08 400.07 1493.15 134.88
0.55 1075.60 435.70 1511.30 136.52
0.60 1059.12 471.43 1530.55 138.26
0.65 1043.31 507.87 1551.17 140.12
0.70 1028.63 544.20 1572.82 142.08
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Table 12. Cont.

Building Type WWRE Heating (kWh) Cooling (kWh) Total (kWh) Energy Consumption
Per m−2

High-rise Dwelling

0.20 1147.84 290.30 1438.14 125.82
0.25 1115.27 332.43 1447.70 126.66
0.30 1083.04 374.99 1458.04 127.56
0.35 1053.81 417.99 1471.81 128.77
0.40 1024.83 463.74 1488.57 130.23
0.45 998.04 509.28 1507.31 131.87
0.50 971.43 556.07 1527.49 133.64
0.55 946.93 602.89 1549.82 135.59
0.60 923.92 650.80 1574.72 137.77
0.65 897.91 702.27 1600.17 140.00
0.70 878.55 743.93 1622.48 141.95

For the south side, with the growth of the WWR, the heating loads of the multi-story
dwelling and high-rise dwelling have a great reduction, but the cooling loads have a large
increase. Additionally, while the WWR is between 0.4 and 0.5, the energy consumption per
unit area of each building type reaches the optimal value. In detail, the heat absorption
through the windows is more than the heat loss for each building type, so the heating load
is reduced in winter. However, when the WWR rises in summer, the heat loss and heat
radiation, which are unfavorable factors, increase simultaneously, resulting in a significant
increase in the heating load. Therefore, under the superposition of the above two seasons,
the total energy consumption changes throughout the year show an inverse parabolic
relationship, which means that all three building types will reach the optimal value of
energy consumption design within the WWR of 0.4–0.5.

On the north side, as the WWR grew, the heating loads of multi-story dwelling
and high-rise dwelling changed a little, but the heating load of the detached house has
increased significantly. However, the cooling load of the three building types has increased
significantly. Exactly, the cooling load per unit area is highest in detached houses, followed
by multi-story and least in high-rise dwelling, which is related to the building structure,
insulation, window structure and window material of the three building types, as detailed
in Tables 1 and 3. For the total annual energy consumption per unit of floor area, the
growth in total energy consumption is accompanied by an increase in the WWR, so that
the smaller the WWR the lower the energy consumption for all three building types, and
vice versa.

For the east side, the heating load tends to decrease for all three building types as the
WWR increases. Furthermore, the reduction is slowest in the multi-story dwelling and
fastest in the high-rise dwelling. However, for the cooling loads, the greater the east WWR,
the greater the cooling load consumption. In addition, among them, the fastest growth rate
is the multi-story dwelling, and the slowest one is the detached house. In terms of total
energy consumption per unit building area, detached house has the highest annual unit
energy consumption and the highest growth rate, while the multi-story dwelling is similar
to the high-rise dwelling.

In the state of no shading, the heating load of the room in the east-west direction has a
slight decrease with the growth of the WWRS, but the cooling load increases significantly.
On the whole, for the comprehensive energy consumption of the detached house, the
smaller WWR results in lower energy consumption per unit area. For multi-story and
high-rise dwellings, when WWR value is between 0.4 and 0.5, a balance between the
WWR and energy consumption is achieved. For north-facing rooms, because the direct
solar radiation cannot be obtained, increasing the window area makes the increase in the
amount of solar scattered radiation limited. However, for high-rise dwellings, the increase
in the north-facing WWR has little influence on the increase in heating load in winter. The
detached houses and multi-story dwellings have increased significantly. It can be seen that
the WWR of the north rooms should be reduced as much as possible.
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6. Conclusions

This paper provides a comprehensive overview of energy consumption in the residen-
tial sector in China based on a detailed dataset of 368 surveyed households from the 2018
China Residential Energy Consumption Survey (CRECS).

First, the questionnaire survey shows that detached house, multi-story dwelling and
high-rise dwelling are the three most common types of houses in HSCW zone of China,
and that high-rise dwelling is the newest and detached house is the oldest. About 50.00%
of the respondents were high-rise residences, 33.33% were multi-story residences, and
only 16.67% were detached residences. The age of construction and floor area varied
significantly by building type. High-rise dwelling uses the largest window sizes, while
multi-story dwellings use the smallest window sizes for historical reasons. The total energy
consumption of high-rise dwelling is the highest of the three residential building types,
while a detached house has high total energy consumption, but the lowest annual energy
consumption per unit area due to their large size. Residents living in high-rise buildings
have the highest human comfort requirements of the three building types. The thermal
satisfaction of high-rise residences is better than the other two building types. Meanwhile,
the energy consumption generated is related to the type of dwelling: in the south direction,
for example, the energy consumption per unit area of the three building types shows a
growing trend as the WWR increases.

Second, based on the questionnaire survey, Shanghai, a city located in the middle of
the three regions was selected, as the experimental area to represent the HSCW zone in
China and selected three residences based on the questionnaire results, combined with the
year of construction, the average window area and other characteristics as the experimental
subjects. The experiment is an investigation of the current situation of the three dwellings
under natural conditions, and the results show that: for example, in the south direction, the
PMV of the three building types shows a large difference, with the thermal comfort of high-
rise dwelling being better and that of detached houses being the worst. Alternatively, the
heating load of each building type is greater than the cooling load in a year, but the energy
consumption per unit area of the detached house is the largest, followed by multi-story
dwelling, and the smallest for high-rise dwelling. Overall, this part provides the current
data basis for the next optimization simulation and analysis of the WWR.

Third, and most importantly in this paper, the impact of WWR on indoor heating and
cooling energy demand is experimented and then analyzed through hourly-based dynamic
simulations, which are of interest to regions in the HSCW region of China, such as the
reference location Shanghai. So, at the beginning of these specific experiments, different
building types, such as detached house, multi-story dwelling and high-rise dwelling, and
different envelope and window characteristics were considered as independent variables,
including insulation levels, orientation, shading and control of natural ventilation. The
results of simulations performed at a constant occupancy rate indicate that an optimal
WWR value that balances the three aforementioned energy uses results in the least amount
of energy required per year.

Overall, for the comprehensive energy consumption of the detached house, the smaller
WWR results in lower energy consumption per unit area. For multi-story dwelling and
high-rise dwelling, when WWR value is between 0.4 and 0.5, a balance between the WWR
and energy consumption is achieved. For north-facing rooms, because the direct solar
radiation cannot be obtained, increasing the window area makes the increase in the amount
of solar scattered radiation limited. However, for high-rise dwelling, the increase in the
north-facing WWR has little effect on the increase in heating load in winter. The detached
house and multi-story dwelling have increased significantly. It can be seen that the WWR
of the north rooms should be reduced as much as possible.
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