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Abstract: Global warming is resulting in higher summer indoor temperatures in the severe cold
region and cold region of China, and this is affecting thermal comfort. Local building design codes
consider these regions as cool in summer, and do not consider the phenomenon of overheating or
propose countermeasures. This paper studied the possibility of overheating in residential buildings
in these areas. It suggested alleviating this phenomenon using external horizontal shading, and
discussed how to integrate thermal comfort into the building design and save energy consumption.
The IESVE software was used to simulate 18-storey residential buildings with natural ventilation
in Yichun, Harbin, Shenyang, Dalian, and Beijing, and to calculate the change in indoor operative
temperature. Horizontal shading was designed for case study building to attempt to alleviate the
overheating phenomenon in summer. The results showed that the case study building in the five
cities experienced different degrees of overheating. External horizontal shading was successful in
reducing indoor overheating, especially in the severe cold B and C zones and the cold A and B zones.
The relevant building codes should be modified to take this into account. Reasonable design of
horizontal shading can effectively reduce energy consumption, particularly when compared with
air-conditioned buildings.

Keywords: overheating; shading devices; residential building; severe cold region and cold region of
China; energy consumption

1. Introduction

Global warming has become an indisputable fact. The climate system has repeatedly
observed human-induced global warming, including rising land and ocean temperatures
and more frequent heat waves [1]. A report released by the Intergovernmental Panel
on Climate Change (IPCC) in 2018 explains that we must control global warming above
1.5 °C and how to do it [2]. Additionally, the report on climate change, desertification,
land degradation, sustainable land management, food security, and greenhouse gas flux
of terrestrial ecosystems was released in 2019 [3]. However, Xu et al. believe that global
warming is accelerating, and we are likely to exceed an increase of 1.5 °C by 2030 [4].
The global average temperature in 2020 was 1.2 & 0.1 °C higher than the baseline in
1850-1900 [5]. We need to reduce greenhouse gas emissions more significantly than before
in order to achieve any given goal of global temperature stability [6]. In addition, some
studies indicate that exposure to high ambient temperatures is harmful to human health.
High temperature has an adverse effect on the quality of sleep and reduces appetite [7],
and also increases the risk of some diseases, such as respiratory diseases, cardiovascular
diseases [8], and allergies [9]. Climate change and the associated rising temperatures
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increase the risk of early mortality [10]. For example, the 2003 European heat wave killed
an estimated 70,000 people [11]. It is estimated that there are about 2000 high temperature-
related deaths in the UK every year, and this figure is expected to rise to about 257% by
2050 due to more severe and frequent heat waves and population aging [12]. Additionally,
studies have shown that rising temperatures will increase people’s negative emotions, thus
increasing the suicide rate [13], including in China [14] and other East Asian regions [15].

As the temperatures increase, cooling energy consumption also increases gradu-
ally [16]. Urban heat island leads to a 19% median increase in cooling energy consump-
tion [17]. Specifically, a 1% increase in CDD (Cooling Degree Days) will lead to a 0.094%
increase in per capita electricity demand in China [18]. By the end of this century, climate
change is expected to increase cooling energy consumption in the United States and China
by 20-35% and 37—-41% respectively [19]. The increasing use of air conditioning has in-
creased global carbon emissions. In summary, global warming is having an impact on
all aspects of humanity. Buildings should actively adapt to the climate and provide their
inhabitants with a more comfortable indoor environment.

In the past, residential buildings in the severe cold region and cold region of China
were not considered to be prone to overheating. There is no explicit requirement in the
local building standards to prevent summer overheating in these regions. In these areas,
the main focus is on winter heating, and the architectural design aims to reduce heating
demand. Research shows that decreases in cold extremes and increases in warm extremes
over most of China in a warm world [20]. Within a background of global warming of 1.5 °C
(relative to the reference period 1986-2005), the annual average temperature in China is
expected to rise by 1.83 °C, 1.75 °C, and 1.88 °C under the scenarios of RCP2.6, RCP 4.5,
and RCP 8.5 respectively [21]. Since the 1950s, China’s climate has been warming, and the
rate of rise of surface air temperature is higher than the global average [22]. From this point
of view, China must more urgently deal with summer overheating.

Recent studies have begun to emphasize the increased risk of building overheating in
the severe cold region and cold region of China. The building envelope in these regions is
designed for good thermal insulation performance to reduce heating energy consumption
in winter, but this insulation increases the risk of overheating in summer [23]. In other
words, buildings with high insulation and air tightness are more likely to overheat than
old buildings with poor insulation and air tightness [24]. There is limited research into the
identification of measures to resolve summer overheating in the severe cold region and
cold region of China.

There are various ways to solve summer overheating. The most commonly used
method is air conditioning refrigeration, which can quickly adjust the indoor temperature to
the appropriate temperature of the human body. However, the cost is high and not suitable
for all people. Compared with air conditioning, the elderly prefer to open windows for
ventilation to alleviate overheating in summer [25]. Although window ventilation and fans
are more comfortable and economical than air conditioning, they have higher requirements
for human behavior and need to be opened or adjusted manually. Additionally, the degree
of window ventilation promoting air flow is also affected by architectural design. In
addition, more suitable building materials can be used to alleviate summer overheating,
but it is not applicable to buildings that have been put into use. The existing research by
Udrea et al. [26] and Sun et al. [27] showed that the building shading design can effectively
alleviate the phenomenon of overheating in summer, and has the advantages of being
economical, wide applicability, and high comfort. Because the external shading devices
of the building can block the solar radiation outdoors, the shading effect is better than
the internal shading devices effect [28], and there is no need for human control. External
sunshade devices include horizontal sunshade devices, vertical sunshade devices, and
other forms. For the south window in China’s severe cold region and cold region, this paper
studied the impact of horizontal shading devices on indoor thermal comfort in summer.

According to current standards, residential buildings in the severe cold region and
cold region in China are considered not to be overheated. Additionally, there is no clear
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conclusion on the degree of summer overheating, nor is there any direction regarding
the necessity of shading devices in these regions. However, with the increase of global
warming and extreme warm weather, previous literature shows that summer overheating
may exist in severe cold region and cold region in China. This paper verified this conjecture
and tried to use horizontal shading to alleviate the degree of overheating. This is helpful
to provide design basis for architects and suggestions for policy makers to modify codes
such that they could save energy consumption while taking into account indoor thermal
comfort in summer. The research questions were as follows:

(1)  Are residential buildings in the severe cold region and cold region of China suffering
from overheating during summer, particularly those with natural ventilation?

(2) To what extent can shading devices alleviate overheating in these regions?

(3) What are the design parameters for horizontal shading design while keeping the
year-round energy performance of these buildings in view?

The existing literature reviews have shown that the summer overheating phenomenon
exists in similar latitudes. In this paper, whether the same phenomenon also exists and the
degree of using horizontal shading to alleviate summer overheating in severe cold region
and cold region of China was verified. Due to the influence of horizontal shading on day-
lighting in winter, heating energy consumption will increase. The change of solar height
angle can be used to adjust the depth and height of external horizontal shading to achieve
Pareto optimization. Additionally, this paper discussed how to design the sun shading
device to save energy consumption and increase indoor thermal comfort in summer.

2. Literature Review
2.1. Global Climate Change and the Overheating Phenomenon

The 2020 global climate report by the World Meteorological Organization (WMO)
highlighted that 2020 was 1.2 °C (40.1) warmer than the period 1850-1900 [5]. The 2018
Lancet countdown report on health and climate change indicated that the number of
people exposed to heat wave events increased by 157 million in 2017, compared with
2000. Labor lost due to high temperature increased by over 62 billion hours, reaching
153 billion hours in 2017 [29]. In “The World Energy Outlook (WEQ)”, the International
Energy Agency (IEA) revealed that under the established policy scenario, the frequency of
extreme high-temperature events will double by 2050, and their intensity will increase by
about 120% [30].

It has been proven that summer overheating occurs in the temperate regions of the
world. A case study of residential buildings in the Netherlands shows that due to an
increase in internal and solar heat, the free-running indoor temperature is on average 6 °C
higher than the outdoor air temperature during the period from 1 May to 30 September [31].
Pathan A et al. studied 122 residential buildings in London in 2009 and 2010. It was found
that in 2009, 29% and 31% of the summertime occupied hours of the living room and
bedroom respectively exceeded the comfort range recommended by the standard by 1%.
In 2010, 37% of living rooms and 49% of bedrooms had more than 1% of summertime
occupied hours outside the comfort range [32]. Kuczyriski et al. proposed that in temperate
European countries, building residential buildings with heavy envelopes and partitions
would significantly reduce overheating in the next few decades [33]. Additionally, the
closing of external blinds can also be considered to alleviate this phenomenon [34].

2.2. Overheating Standards
2.2.1. Global Overheating Standards

At present, there is no unified global definition of overheating. Different countries and
regions have formulated different standards (Figure 1). The International Organization for
Standardization (IOS) has issued ISO7730-2005. This standard uses the predicted mean vote
(PMYV) and predicted percentage dissatisfied (PPD) to quantify thermal comfort for the mea-
surement and assessment of comfort in moderate and extreme thermal environments [35].
The American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE)
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produced ASHRAE 55-2017 [36]. The European Committee for Standardization has devel-
oped EN 15251 [37]. In the UK, the Chartered Institution of Building Services Engineers
(CIBSE) has developed several guides for summer overheating in residential buildings.
Environmental design CIBSE Guide A stipulates that the comfortable temperatures in
bedrooms and living rooms for non-air-conditioned residential buildings are 23 °C and
25 °C respectively. When the operative temperature of the bedroom and living room in
these residential buildings exceeds 26 °C and 28 °C respectively, the room is said to be
‘overheated” and if this occurs for more than 1% of the annual occupied hours the residence
is said to suffer overheating [38]. However, these standards are static overheating criteria,
and they do not take into account the residents” adaptation to warm climates, especially
in buildings with natural ventilation [24]. The adaptation of building users is taken into
account in the CIBSE TM52-2013 issued in 2013. This specifies the definition of overheating
as a room or building that fails any two of the three criteria in Table 1 [39]. According to
the CIBSE TM59 specification, residential buildings with natural ventilation must comply
with the following:

(@) During the period from May to September, the hours when the operative temperature
of the bedroom and living room exceeds or is equal to the comfort temperature
threshold 1 K shall not exceed 3% of the occupied hours.

(b) Inorder to ensure comfort during sleep, the working time when the operative temper-
ature exceeds 26 °C in the bedroom from 10 p.m. to 7 a.m. shall not exceed 1% of the
annual working time. 1% of the annual working hours between 22:00 and 07:00 in the
bedroom is 32 h, so 33 h or more above 26 °C will be recorded as unqualified [40].

EN 15251-2007: I upper limit 1T upper limit —=== Il upper limit
———= Ilower limit ———= II lower limit ———-  III lower limit
ASHRAE 55-2017: 80%acceptability EZIZI 90%acceptability
CIBSE Guide A: overheating criterion comfort criterion
34
ik
32 — -
4”’
"’a’ - | -—,_—“
5 30 == e
-
e .. ; ’/” g .'_—"
- Living room | s o
2 = ~ =
E ””/ : —" "—ﬂ
& 2 Bedroom |-~ go ™ g
2 aks - el
— - -l - - | <
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- - - -
1% = = e ;
; - = "——': _:-’;’1 - Bedroom
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Figure 1. Thermal comfort and overheating criteria. (Data source: CIBSE Guide A, ASHRAE 55-2017,
EN 15251-2007; drawn by the authors).
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Table 1. Three criteria for overheating from CIBSE TM52-2013.

Criteria Content

The operative temperature exceeds the threshold comfort temperature

Criterion 1 (upper limit of comfort temperature range) by 1 K or more during the
occupied time in the typical non-heating season (1 May to 30 September).

Criterion 2 The severity of overheating on any day shall not exceed the limit.

Criterion 3 The absolute maximum daily temperature must not be exceeded in the room.

Data Source: CIBSE TM52-2013.

2.2.2. Local Overheating Standards in China

China is divided into five climate regions due to its vast territory. These are the severe
cold region, cold region, temperate region, hot summer and cold winter region, and hot
summer and warm winter region, according to the Code for Thermal Design of Civil
Buildings (GB 50176-2016). The severe cold region and cold region are further divided into
five sub-regions: “severe cold region 1A”, “severe cold region 1B”, “severe cold region 1C”,
“cold region 2A”, and “cold region 2B” [41]. At present, the code specifies 26 °C as the
critical value for thermal comfort in summer, but it does not explain how to prevent summer
overheating in the severe cold region and cold region. According to the Design Standard
for Energy Efficiency of Residential Buildings in Severe Cold and Cold Zones (JGJ 26-2018),
there is no requirement for shading devices in these regions, but clause 4.2.4 suggests
that shading devices could be considered in cold region 2B [42]. However, in spite of the
increasing severity of global warming, according to limited references, there is no direct
reference to the summer overheating phenomenon in the severe cold region and cold region
of China, nor any discussion of measures for its alleviation, such as shading devices.

2.3. Horizontal Shading Devices

Solar radiation heat gain is an important component of indoor overheating in summer.
Shading devices can be external, internal, or intermediate. Shading devices external
to the building envelope can reduce indoor solar radiation heat gains in summer and
keep out direct sunlight. Heidari et al. showed that horizontal shading devices can give
consideration to daylighting and thermal comfort [43]. Shahdan et al. consider that external
shading devices may have a significant effect on building energy conservation [44]. The
research of Sghiouri et al. showed that under the Mediterranean climate of Casablanca,
the optimized overhangs reduce the cooling demand by 4.1% and improves the thermal
comfort [45]. External shading devices can be classified into overhangs, side fins and
louvers, etc.

The calculation of the influence of external shading devices on window solar radiation
is a very complex process. The height angle and azimuth of the sun and the outdoor
meteorological conditions are constantly changing, resulting in a continuous change in
the amount of solar radiation with time, and the shadow area of the sun on the window
surface is also changing with time. Solar radiation incident on the building surface can
be divided into three components, namely direct (beam) radiation from the sky area near
the solar disk, diffuse radiation from the sky dome, and radiation scattered by the ground.
The calculation formula for solar radiation in the Integrated Environment Solution Virtual
Environment (IES-VE) software is the following:

Idir = Ibeam cos 0, (1)

where, I, is the direct solar flux (W/m?) incident on the surface; Iy, is the solar flux
(W/m?) measured perpendicular to the beam; 6 is the angle of incidence (Figure 2).
Diffuse solar flux includes two sources from the sky and the ground:

Lgifr = Ingigr cos® (B/2), 2)

Loaifr =pg Ingiop Sin” (B/2), ®3)
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where, I3 is the diffuse sky solar flux (W/ m?) incident on the surface; Ingify is the diffuse
sky solar flux (W/m?) on the horizontal plane; § is the inclination of the surface; Logifr is the
diffuse ground solar flux (W/m?) incident on the surface; pg is the solar reflectance (albedo)
of the ground. The total solar flux g1, (W/ m?) on the horizontal plane is given by the
following formula where « is the solar altitude [46].

Ingiob = Indifr + Iveam sin? «, 4)

The severe cold region and cold region in China are located north of the Tropic of
Cancer, and the south wall is the main irradiation surface for the sun’s rays. A horizontal
sun shading device can actually transfer more solar radiation through a window in winter
due to the change in the solar height angle as shown in Figure 3. Sghiouri H et al. examined
thermal comfort in residential buildings in Casablanca, Marrakesh, and Oujda, Morocco. By
optimizing the overhangs, they found that cooling demand in the south facing living room
was reduced by 6.8%, 3.6%, and 5.4% respectively [45]. Studies in similar latitudes have
shown that external horizontal shading on windows in a south-facing room can effectively
alleviate overheating in summer and improve indoor thermal comfort [43].

Lair

i
I
|
|
D
I
1
1
|
|
I
I
I
I
|

Ibeam

Figure 2. Schematic diagram of direct solar flux; drawn by the authors.

summer

Figure 3. Schematic diagram showing change in solar altitude angle on window receiving solar
radiation; drawn by the authors.

At the same time, solar radiation is the main component to increase heat in winter, and
this is important to improve indoor temperatures and reduce heating energy consumption.
Therefore, while improving the shading effect in summer, it is important not to introduce
shading in winter. With this in mind, this paper discussed the design of overhang shading
devices on south facing windows in residential buildings in the severe cold region and cold
region of China.
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3. Framework and Case Study Building
3.1. Framework of the Study

Simulation was used to model the indoor operating temperature for residential build-
ings with natural ventilation. This study was divided into steps shown in Figure 4. First of
all, five cities were selected as representative of the simulation environment fin the severe
cold regions (1A, 1B, 1C) and cold regions (2A, 2B) of China. The cold region 2B is indicated
as the region where horizontal shading external to the building envelope is recommended
in the specification as the control group. The commercial software IES VE was used to
simulate an 18-Storey Reinforced Concrete residential building to obtain the indoor opera-
tive temperature and the energy consumption under different shading conditions. Since
many codes discuss the definition of overheating on the premise of natural ventilation,
such as ASHRAE Standard 55-2017 [36] and EN 15251 [37], this study examined building
overheating with natural ventilation and no air conditioning. Since the shading device also
has a certain impact on daylighting in winter, heating was also considered and the annual
energy consumption was calculated. In addition, in order to ensure the accuracy of the
simulation data, this paper selected the residential buildings in Shenyang to measure the
operative temperature for data validation.

Climate Region

'

CSimuImion Environment)—‘—( Rep ive Cities ) ’

______

Cities Parameters ) ;—

=
A

—¥ Locations of Weather Station| |

— Standard Floor Plan

— Building Design -

Thermal Zones

- Sections of the Building

— Building Information

Materials and Structures

\_/I

Indoor Operative Temperaturg

Energy Consumption

C Simulation Buildings }—'—0( Building Structure

Envelope U-values

.
¥
)

Building Information

'

N

W and H

4

—'-b( Shading Devices )

Data Validation

Window Setting
— Natural Ventilation ‘|:

Door Setting
C Simulation Parameters )——“—( Heating )

Heating Period

A4

N

Lighting Gain

Equipment Gain

=t Internal Gains

People Gain

Cooking Gain

Figure 4. Flowchart of the building simulation; drawn by the authors.

3.2. Case Study Building
3.2.1. Simulation Environment

Five representative cities, one from each sub region of the severe cold region and cold
region, were selected to evaluate the duration of overheating and the effect of horizontal
shading in naturally ventilated residential buildings. These cities are Yichun, Harbin,
Shenyang, Dalian and Beijing. Horizontal shading is recommended in Beijing in the Design
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Standard for Energy Efficiency of Residential Buildings in Severe Cold and Cold Zones [42].
The simulation results from these five cities were compared. In each sub-region there
are different building standard requirements to ensure compliance with the local climate
characteristics. In the case study building, the U-value and R-value of the building elements
were defined to meet the design standards to ensure that these buildings are well insulated
in the cold climate. The specific locations and thermal design details for the five cities are
shown in Table 2.

Table 2. Five cities representative of the climate sub regions.

Main Indicators Location of Weather Station

Climate Sub- T City = North Altitad
Region Region emperature ast ort titude
8 8 ©0) HDD/CDD Longitude °)  Latitude *)  (m)
Severe cold 1A e 10ec 6000 < HDD18 Yichun 128.90 4772 232
Severe cold Severe cold 1B ‘“11“4‘%‘ g(; <5 5000 < HDD18 < 6000 Harbin 126.77 45.75 143
Severe cold 1C =d= 3800 < HDDI8 <5000  Shenyang 123.43 4177 43
<
Cold 2A —10°C <ty < 0°C 2000 S HDDI8 <3800 ) 121.63 38.90 97
CDD26 < 90
Cold 90<d<5<145
Cold 2B 2000 < HDDI8 <3800 ;1) 116.28 39.93 55
CDD26 > 90 Jing : :

Single Bedroom
13.68 i

Bouble Bedroom

18.24 nf

Kitchen
7.56 nf

Data Source: Code for thermal design of civil buildings (GB 50176-2016). tmin.m: average temperature of the
coldest month; d < 5: days of daily average temperature < 5 °C; HDD18: heating degree days based on 18 °C;
CDD26: air conditioning degree days based on 26 °C.

3.2.2. Basic Building Design Data

A representative 18-storey Reinforced Concrete residential building was selected as the
research case. The case study building is a slab-type apartment house with good ventilation
from north to south, with architectural design typical of the severe cold region. There are
two units with similar plans on each floor. Each unit consists of two apartments, each
with a living room and two bedrooms facing north and south. The living room and the
dining room constitute two different thermal zones. This study simulated the operation
of the residential building with natural ventilation, and focused on the indoor operative
temperature with different dimensions sizes of shading devices. In order to avoid the
effects of ground heat transfer, solar radiation from the roof, and convective heat transfer
on the external walls, the study considered the south bedroom and living room of the
middle unit on the 10th floor. The details of the building case are shown in Figure 5 and
Table 3.

Kitchen
7.56 nf

Kitchen
7.56 nf

single Bedroom
1368

Single Bedroom
13.68 nf

Single Bedroom
13.68

Bouble Bedroom

1824 nd

Bouble Bedroom

18.24 nf

Bouble Bedroom Living Room Living Room

18.24 nf

Living Room

Living Room

2250 2250 mt 2250 M 2250 M

(@)
Figure 5. Cont.
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Figure 5. Details of the architectural case; drawn by the authors. (a) Standard floor plan of the

residential building. (b) Sections 1-1 and 2-2 of the residential building.

Table 3. Building information.

Items Values Values
Total floor area 8197.92 m?2
Building height 50.4 m
Number of layers 18
Story height 2.8m
Windowsill height 09 m
Window height 14m
1.5 x 2.4 m (living room)
Window size 1.5 x 2 m (south bedroom)
1.5 x 0.8 m (WC)
Window to wall ratio 0.27 (south)

3.2.3. The Residential Building Configuration

The building materials and configuration conform to the specification requirements
and local experience. For cities in the different areas, the specifications of the building
envelope are adjusted to meet the requirements of the local standards in the different
thermal zones, with different requirements for the U value of the external walls, roof,
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ground and windows. In areas with long cold winters, a layer of insulation is required
to reduce the energy consumed by central heating in winter. The five sub regions have
different requirements for the insulation layer thickness. These variations in the building
envelop result in different values for the building heat storage capacity, and this affects the
overheating time and shading effect. This was taken into consideration when examining
overheating and horizontal shading design in the five representative cities. The details of
the architectural case are presented in Figure 6 and Table 4.

Cement Plaster 40mm
Render 10mm
SBS Waterproof Material 5Smm
Render 20mm
XPS Insulation
Yichun 200mm
Harbin Shenyang 160mm
Dalian 130mm
Beijing 100mm
Render 30mm
SBS Waterproof Material 5mm
Render 20mm
Reinforced Concrete 100mm
Cement Plaster 10mm

Cement Plaster 10mm
Reinforced Concrete 200mm

Render 20mm
XPS Insulation

Yichun 125mm

Harbin 100mm

Shenyang 85mm

Dalian 75mm

Beijing 60mm

Cement Plaster 30mm

Figure 6. External wall and roof design for the RC residential buildings in the five cities. Data source:
Code for thermal design of civil buildings (GB 50176-2016); drawn by the authors.

Table 4. Envelope U-values.

U-Values for Different Components (W/m?K)

Sub-Region
External walls Windows Roof Ground
Severe cold A 0.22 1.57 0.14 0.38
Severe cold B 0.27 1.57 0.17 0.43
Severe cold C 0.31 1.75 0.17 0.43
Cold A 0.35 1.83 0.21 0.51
Cold B 0.43 1.83 0.27 0.55

3.2.4. Shading Devices Setting

For this simulation, overhang shading was set in the living room and the south
bedroom of the case building to determine the overheating duration in the rooms under
different shading conditions. The width of shading affects the amount of incoming solar
radiation, and thus reduces the length of the overheating period. The height of the shading
facilities can allow more incoming solar radiation to the building in winter due to the
changes in solar height angle between winter and summer. The effect of these two values
on building overheating duration and energy consumption was examined here. In the
simulation, W represents the width of the shading device and H represents the distance
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from the lower edge of the shading devices to the upper edge of the window. In the IESVE
software, the “overhang projection” value corresponds to W, and the “overhang offset”
value represents H. The detailed description of the shading devices is shown in Figure 7.
The value of H ranges from 0 m to 1.2 m on 0.1 m steps, and W ranges from 0 m to 0.7 m
with the same size steps.

hw

Figure 7. Details of the shading devices; drawn by the authors.

4. Methods
4.1. Natural Ventilation

This study examined indoor overheating of naturally ventilated residential buildings
without air conditioning. The CIBSE Guide A, CIBSE TM 52, CIBSE TM 59, etc. describe
the overheating definition for naturally ventilated houses. Therefore, cooling conditions
in summer were not considered. The natural ventilation parameters are presented in
Tables 5 and 6. These include the opening and closing states of doors and windows in the
different seasons. The ventilation rates for natural ventilation and mechanical ventilation
were set respectively. The ventilation time was set on the basis of the expected behavior
ordinary residents, and the operation of ventilation takes place outside working hours.
The ventilation volume was adjusted to meet the requirements of the Design Standard
for Energy Efficiency of Residential Buildings in Severe Cold and Cold Zones [42]. In the
actual situation, the entrance door is normally closed, and the bedroom door is normally
open. According to Chinese kitchen usage, the kitchen door is closed for three periods in
the day. Detailed settings are shown in Table 6.

Table 5. Simulation parameters for natural ventilation of windows in Harbin.

Room Ventilation Ventilation Time Air Changes Rate Infiltration Air
Month (h1) Change Rate (h—1)
15 June— . .
Bedrooms 15 September 00:00-24:00 6
Living room 16 September— 7:00-7:20 15 05
WC 30 September 17:00-17:20 ’ :
Kitchen 1 October-14 June 7:00-9:00 3
(next year) 17:00-19:00

Data source: Design Standard for Energy Efficiency of Residential Buildings in Severe Cold and Cold Zones
(JGJ 26-2018).

Table 6. Door open and closed times in the simulation.

Type Open or Closed Time

Entrance door - Closed continuously
Bedrooms Open continuously
The door of rooms WC Open continuously

Kitchen Closed at 7:00-7:30, 11:30-12:00, 17:00-19:00
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4.2. Space Heating

In the severe cold region and cold region of China, the outdoor temperatures are low
for the greater part of the long winter season, and central heating is widely used. In 2012,
central heating covered about 5.18 billion m? in the severe cold region and cold region in
China, of which about 70% of the heated area was attributed to residential buildings [47].
This study took into consideration the fact that horizontal shading reduces the solar radia-
tion entering the building in winter, and increases the annual energy consumption of the
building. The heating season and hours of operation vary in each city and Table 7 lists the
heating duration for the five representative cities.

Table 7. Heating settings in five cities.

Sub-Region Representative City Heating Period
Severe cold A Yichun 1 October-30 April
Severe cold B Harbin 20 October—20 April
Severe cold C Shenyang 1 November—31 March

Cold A Dalian 5 November-5 April
Cold B Beijing 15 November-15 March

Data source: Design code for heating ventilation and air conditioning of civil buildings (GB50736-2012).

4.3. Internal Gains

In order to accurately simulate the duration of indoor overheating in summer, the
influence of internal lighting, people, and equipment was taken into account. Domestic hot
water, elevators, and other small equipment were not considered as they have little impact
on the internal gains in the room. The times of operation of lights and equipment were set
according to the pattern of the occupier and number, and shall be set according to the user’s
habits and the number of people inside the building, and the times of occupancy were also
defined to match the actual situation as much as was possible. In addition, according to
CIBSE TM59-2017, the internal gain from people in bedrooms is reduced by 30% during
sleep. Therefore, the internal gains from people in the bedroom differ between activity time
and sleep time. The indoor internal gains are shown in Table 8.

Table 8. Internal gains for the building.

Input Parameter Room Values Opening Time
Lighting South bedroom and living room 2 W/m? 17:00-23:00
South bed 2 person 8:00-9:00; 22:00-23:00
People outh bedroom l4person  23:00-8:00 (next day)
Living room 1.5 person 9:00-22:00
80 W 8:00-23:00
South bedroom 104 W 23:00-8:00 (next day)
Equipment 345 W 0:00-9:00
Living room 60 W 9:00-18:00; 22:00-24:00
150 W 18:00-22:00

4.4. Data Validation

The model in IESVE was validated according to empirical results from a dwelling
in Shenyang city in 2021, which was monitored by sensors placed onto the wall of living
room and bedroom. With the temperature measurement range from 10 °C to 55 °C and
accuracy of +0.3 °C, the sensors produced by Ubibot can collect and upload the data in real
time through a wireless network. The pictures and parameters of the sensor are shown in
Figures 8-10 and Table 9. Additionally, the location of the sensors in the rooms are shown in
Figure 10. The measured data contain the hourly temperature from 1 May to 30 September.
Moreover, the local meteorological data recorded during the period above were applied
into the simulation for validation.
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Figure 8. Style of sensor.

Figure 9. Actual picture of sensors.

Living Room South bedroom

sensor 1 sensor 2

Figure 10. Sensor positions; drawn by the authors.

Table 9. Sensor parameters.

Parameter Values
Dimension 65 mm x 65 mm x 16.5 mm
Acquisition parameters Temperature, moderation and illumination
Network mode WIFI (4.2G)
External sensor of equipment DS18B20 sensor
Temperature range —20-60 °C
Temperature accuracy +£0.3°C
Humidity range 10-90%
Humidity accuracy +3%RH
Hlumination range 0.01-83 KLUX
2%

INlumination accuracy

Sensor probe Industrial grade in Sensirion, Switzerland
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By gathering monitored temperature and simulation results of the living room and
bedroom of the dwelling, the study chose temperature data at 6 a.m., 12 a.m., 6 p.m., and
12 p.m. of each day to assess the accuracy level of the simulation. Pearson correlation coef-
ficient Ryfeas, sim Was applied to make judge whether there was a strong linear correlation
between measured results and simulation data. The definition of Ryjeas, sim is given by
equation followed. As one of the most notable indicators of quality of regression, Pearson
correlation coefficient revealed the fitting degree towards y = x. When the value was closer
to 1, simulation accuracy reached a higher level.

" | (Meas; — Meas)(Sim; — Sim)
(/X0 (Meas; — Meas)?)(y/¥2L, (Sim; — Sim)?)

, ©)

RMeas, Sim —

5. Results
5.1. The Duration of Overheating

IESVE was used to simulate the indoor operative temperature in residential buildings
in five cities. Table 10 shows the overheating assessment of the case building using CIBSE
TMS59. Under natural ventilation conditions, the operative temperature of the bedroom
and living room from May to September shall not exceed 3% of the occupied time from
24 °C and 26 °C respectively. From 10:00 p.m. to 7:00 a.m., the time when the operative
temperature of the bedroom exceeds 26 °C every year shall not exceed 1% of the occupied
time. The specification recommends that occupancy of the bedroom is 3672 h per year
(including 24 h from May to September) and that of the living room is 1989 h per year
(including 13 h from May to September).

Table 10. South bedroom and living room overheating assessment based on CIBSE TM59.

South Bedroom Living Room
Sub- . . o 10 p.m. to 7 a.m. Operative . o
Region Cities Operative Temperature > 24 °C Temperature > 26 °C Operative Temperature > 26 °C
(Hours) (%) (Hours) (%) (Hours) (%)
1A Yichun 401 10.92 3 0.09 159 7.99
1B Harbin 1296 35.29 69 2.16 481 2418
1C Shenyang 1819 49.54 166 5.19 809 40.67
2A Dalian 1636 44.55 145 453 798 40.12
2B Beijing 3322 90.47 986 30.81 2693 135.39

In addition, according to the requirements of CIBSE Guide A, if the duration of the
bedroom exceeding 26 °C and the living room exceeding 28 °C exceeds 1% of the annual
occupancy hours respectively, it is determined as overheating (Table 11).

Table 11. South bedroom and living room overheating assessment based on CIBSE Guide A.

South Bedroom Living Room
RSe1g1ibo-n Cities Operative Temperature >26 °C  Operative Temperature > 28 °C
(Hours) (%) (Hours) (%)
1A Yichun 145 3.95 34 171
1B Harbin 503 13.70 137 6.89
1C Shenyang 812 22.11 237 11.92
2A Dalian 832 22.66 270 13.57
2B Beijing 3120 84.97 1906 95.83

The results in Tables 10 and 11 show that the bedrooms and living rooms of 18-storey
residential buildings in the five representative cities have different degrees of overheating.
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In high latitudes, such as in Yichun, the overheating phenomenon is not obvious. The south
bedroom and living room exceed 26 °C for 145 h and 159 h respectively. The degree of
overheating in Beijing was the most pronounced, with the south bedroom and living room
exceeding 26 °C for 3120 h and 2998 h respectively. Table 12 shows the monthly average
temperature values of five cities from May to September. Additionally, the temperature
change curve with natural ventilation from May to September is shown in Figure 11. The
duration of overheating in each city is closely related to the local climate. With a decrease
of latitude, the degree of overheating tends to increase. The rooms in the simulation did
not meet the thermal comfort standards specified in CIBSE TM59 and CIBSE Guide A.

Table 12. Average monthly indoor operative temperature from May to September.

Monthly Average Indoor Operative Temperature (°C)

Room Cities
May June July August September
Yichun 18.72 20.96 22.09 2256 19.10
Harbin 19.55 23.82 24.79 23.68 20.05
South  gponyang 213 2491 25.67 2453 2232
bedroom Dalian 20.24 22.31 25.55 26.40 22.37
Beijing 27.25 30.18 28.88 28.06 25.84
Yichun 18.57 20.85 22.00 20.47 15.97
. Harbin 19.39 23.69 24.71 23.60 19.90
Living Shenyang 19.39 23.69 24.71 23.60 19.90
room Dalian 20.12 22.22 25.47 26.27 22.26
Beijing 27.65 30.06 28.79 27.95 25.65
0
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m ____________ o N T I iz e 1~ i [H][1)
N V! ,\H\' | \””!' ||
g2 g |
g 2 |
" g
14
12
10
8I\/'B,/ Jr'le J]y Aug'ust Sqne'mber O:iéber ¢ J}\e Juy Aujusl Sq)témber Cctober
Yichun South Bedroom Yichun Living Room

Temperature (°C)

Temperature (°C)

Jne Jfly Ag'ust Sqne'mber October May Jne Juy August September QOctober
Harbin South Bedroom Harbin Living Room

Figure 11. Cont.
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Figure 11. Indoor operative temperature in five representative cities from May to September.

5.2. Effect of Horizontal Shading Device on Reducing Time

This paper calculated the overheating duration for different shading designs in
18-storey residential buildings in the severe cold region and cold region of China. Accord-
ing to Chinese specifications, the overheating limit is 26 °C. The results for this calculation
are shown in Figure 12. They show that different shading designs alleviated the overheating
in the building to varying degrees. In the simulation results, when W was 1.2 m and H
was 0 m, the change in duration of overheating of the south bedroom on the 10th floor
was 18 h, 83 h, 64 h, 43 h, and 521 h in Yichun, Harbin, Shenyang, Dalian, and Beijing
respectively, a reduction of 12.41%, 16.50%, 7.88%, 5.17%, and 16.70% overheating respec-
tively. Overheating in the living rooms in the five cities was alleviated for 15 h, 61 h, 91 h,
43 h, and 460 h respectively, a reduction in duration of by 9.43%, 12.68%, 11.25%, 5.39%,
and 15.34% respectively. An increase in the H value increased the overheating duration.
For example, when W was 0.7 m, H was 0 m or 0.5 m respectively, and overheating in the
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South bedrooms in Yichun, Harbin, Shenyang, Dalian, and Beijing increased by 9 h, 21 h,
14 h, 12 h, and 301 h respectively for the higher H value. This is a percentage increase of
6.87%, 4.96%, 1.85%, 1.50%, and 11.24%, respectively. Table 13 shows the solar gain of three
horizontal shading designs in the five representative cities from May to September.

South Bedroom Hours at operative temperatures > 26°C
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Figure 12. The number of hours where the operative temperature exceeds 26 °C.
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Table 13. Solar gain values of five representative cities from May to September.

Solar Gain (kW-h/m?)
W and H .
Cit
Rooms Values (m) 1hes
Yichun Harbin Shenyang Dalian Beijing

South W=0,H=0 13.77 14.29 17.19 16.52 17.48
b C‘l"“ W=07H=05 10.31 10.48 12.30 11.64 11.90
earoom - w-12 H=0 6.19 5.67 7.31 7.07 7.04
W=0,H=0 14.23 14.78 20.05 16.75 17.78
Livingroom W =0.7, H = 0.5 10.60 10.77 12.35 11.67 11.96
W=12,H=0 5.71 5.75 7.23 6.98 6.95

5.3. Influence of Horizontal Shading on Energy Consumption

Although horizontal shading facilities can reduce overheating in summer, they also im-
pede solar radiation from entering the room in winter, thus affecting the indoor temperature
and increasing energy consumption by central heating. A simulation of the annual energy
consumption for the 18-storey case study buildings was carried out and the results are
shown in Figure 13. Additionally, the energy consumption composition of three horizontal
shading designs in five representative cities is tabulated in Table 14. Without shading, the
annual energy consumption in Yichun, Harbin, Shenyang, Dalian, and Beijing with natural
ventilation was 193.1 kW-h/m?, 167.8 kW-h/m?, 126.4 kW-h/m?, 112.7 kW-h/m?, and
96.0 kW-h/m?, respectively. When W was 1.2 m and H was 0 m, the annual building energy
consumption was the maximum achieved in this simulation, with values of 199.0 kW-h/ m2,
173.3 kW-h/m?2, 132.6 kW-h/m?, 119.6 kW-h/m?2, and 101.4 kW-h/m?2. The energy con-
sumption in the five cities increased by 3.06%, 3.28%, 4.91%, 6.12%, and 5.63% respectively.
With an increase in the H value, the annual energy consumption of buildings would also
decrease. For example, when W was 0.7 m and H was increased to 0.5 m from 0 m, the
annual energy consumption of the five cities was reduced by 2.9 kW-h/m?, 2.8 kW-h/m?,
3.2 kW-h/m?, 3.4 kW-h/m?, and 2.9 kW-h/m?, accounting for 1.48%, 1.64%, 2.46%, 2.91%,
and 2.93% reduction respectively.
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Figure 13. Total annual energy consumption of the case building.
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Table 14. Building energy consumption composition in five cities.

Energy Consumption (kW-h/m?)

Cities W and H Values (m) : . :
Heating  Lighting Equip Others Total
W=0,H=0 159.7 193.1
Yichun W=07H=05 160.3 5.1 193.7
W=12,H=0 165.6 199.0
W=0,H=0 135.1 167.8
Harbin W=07,H=05 135.6 4.4 168.3
W=12,H=0 140.6 173.3
W=0,H=0 94.5 126.4
Shenyang W=07H=05 94.9 4.4 23.9 3.6 126.8
W=12,H=0 100.7 132.6
W=0,H=0 80.7 112.7
Dalian W=07H=05 81.4 3.7 113.4
W=12,H=0 87.6 119.6
W=0,H=0 64.8 96.0
Beijing W=07H=05 65.0 2.9 96.2
W=12,H=0 70.2 101.4

5.4. Validation Results

The graph illustrates the comparison between the regression line and line y = x, an
ideal state when simulation results equal operative temperature in reality. Figure 14a
reveals the correlation between monitored temperature and simulation results of 6 a.m.,
12 am., 6 p.m., and 12 p.m. in the living room and bedroom, while Figure 14b shows the
overall regression relation when gathering and analyzing all the above data together.
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Figure 14. Correlation between simulated results and measured results of the south bedroom and
living room in Shenyang; drawn by the authors. (a) Correlation between 6 a.m., 12 a.m., 6 p.m., and
12 p.m. (b) Overall correlation.

With the value of 0.7232 and 0.7029 of the correlation factors of the living room and
bedroom overall data respectively, the high Ryfeas, sim indicates a strong correlation and
great quality of the simulation. The regression equation between simulation results and
measured data is given by the equation:

SM Jiying room= 1.01049 Meas jiying room — 2-63247

SiM pedroom= 1.00135 Meas pedroom — 2.28768

The results show the simulated data are highly consistent with the real data. The
simulation was reliable for predicting the overheating phenomenon in terms of the indoor
temperature in the residential buildings with the shading as independent variable in
the study.

6. Discussion and Analysis
6.1. Overheating in the Severe Cold Region and Cold Region in China

Table 15 and Figure 15 show that south-facing bedrooms in Yichun, Harbin, Shenyang,
Dalian, and Beijing are overheated to varying degrees. The overheating periods in Yichun,
Harbin, Shenyang, Dalian, and Beijing occur from 16 June to 12 August, 8 June to 31 August,
25 May to 7 September, 24 May to 20 September, and 29 April to 22 October respectively.
As the latitude decreases, the duration of the overheating period increases and the annual
maximum temperature also shows an upward trend. Yichun has seen three overheating
peaks from mid-June, with the third overheating period being the longest, in late July and
early August. As the latitude decreases, the peaks connect, and the duration gradually
becomes longer. The number of days of overheating in Beijing increase to 92% from May to
September, and the overheating becomes continuous.

According to the definitions in CIBSE TM59 and CIBSE Guide A, overheating occurs
in all five cities. The maximum temperature in Yichun is low and the overheating duration
is relatively short. It is possible that residents are not sensitive to overheating in summer in
Yichun. Periods with temperatures above 26 °C in the south bedroom and living room of
Harbin are three times longer than that in Yichun. The overheating period in Shenyang
and Dalian is over five times longer than that in Yichun. Indoor overheating in Beijing is



Buildings 2022, 12, 408

21 of 27

the most serious. In summary, the five representative cities need to take some measures to
intervene. In addition to climatic factors, the causes of overheating in these areas include
the architectural form, building envelope materials, ventilation methods, window opening
forms, and so on. In the severe cold region and cold region of China, the existing building
design codes are mainly focused on reducing the energy consumption of central heating in
winter. However, the phenomenon of summer overheating experienced in recent years can
be alleviated by passive or active methods such as more reasonable architectural design
conducive to summer ventilation, the use of cold and hot two-way energy-saving building
envelope materials, reasonable shading devices, or the use of air conditioning.

Table 15. The hours of each interval of indoor operative temperature in the south bedroom and living
room on the 10th floor in five cities from May to September.

Operative Cities
Rooms ° . B .
Temperature Range (°C) Yichun Harbin Shenyang Dalian Beijing
<21 2403 h 1188 h 540 h 853 h 46 h
21-21.5 182h 200 h 107 h 196 h 23 h
21.5-22 154 h 199 h 166 h 174 h 34h
22-22.5 171 h 163 h 193 h 178 h 42 h
22.5-23 149 h 172h 253 h 183 h 39h
23-23.5 105 h 210 h 293 h 235h 80h
South bedroom 23.5-24 105 h 243 h 297 h 215h 86 h
24-24.5 83 h 256 h 257 h 193 h 145 h
24.5-25 64 h 196 h 272 h 224 h 136 h
25-25.5 58 h 162 h 271h 190 h 139 h
25.5-26 52h 180 h 210 h 194 h 145 h
>26 146 h 503 h 813 h 837 h 2757 h
<21 2462 h 1258 h 593 h 901 h 57 h
21-21.5 167 h 209 h 130 h 191 h 35h
21.5-22 155 h 175h 169 h 180 h 37h
22-22.5 161 h 154 h 213 h 179 h 39h
22.5-23 130 h 188 h 263 h 187 h 53 h
Living room 23-23.5 95 h 214h 258 h 229 h 87 h
23.5-24 101 h 216 h 299 h 200 h 102 h
24-24.5 69 h 240 h 267 h 206 h 117 h
24.5-25 66 h 189 h 236 h 222 h 138 h
25-25.5 53 h 170 h 241 h 183 h 142 h
25.5-26 52h 175h 193 h 193 h 172h
>26 161 h 484 h 810 h 801 h 2693 h

6.2. Suggestions for the Modification of the Architectural Design Code

According to the Design Standard for Energy Efficiency of Residential Buildings in
Severe Cold and Cold Zones [42] issued by the Ministry of Housing and Urban-Rural
Development of the People’s Republic of China (MOHURD), it is recommended to use
shading devices in cold region B in summer (article 4.2.4). There is no clear design standard
for the severe cold regions and cold region A to avoid overheating in summer. However,
the simulation results showed that overheating occurs in the five regions. The reasonable
application of suspension shading could alleviate overheating to a certain extent. Horizon-
tal shading devices can reduce the incident solar radiation, which not only reduces the heat
gain in the building and slows down the rise of indoor air temperature, but also reduces
the direct solar radiation. In the different geographical locations, the reasonable range for
W is also different. In Yichun and Harbin, when the W value was greater than 0.7 m, the
shading effect did not increase significantly. For Shenyang, the reduction in overheating
time was not significant when W exceeded about 0.8 m. The maximum recommended
value of W in Beijing and Dalian was 1.0 m. The variation of the shading effect in different
cities may be related to the solar altitude angle. The recommended W maximum values are
given in Table 16.
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In the simulation, the effect of using horizontal shading to alleviate summer over-
heating was different in the five cities. In addition to Beijing, Harbin obtained the best
results from the use of horizontal shading to reduce the duration of overheating. When W
was 1.2 m, overheating in the south bedroom was reduced by 83 h in a year, accounting
for 16.50% of the total duration of the overheating period. The total overheating time in
Shenyang was longer than in Harbin, but the reduction in time experienced using the
same dimensions of horizontal shading was less than that in Harbin. It may be that the
change in insulation layer thickness in the building envelope of Shenyang intensifies the
overheating phenomenon in summer. Therefore, even if horizontal shading is used to
reduce solar radiation, the reduction of overheating in the south bedroom and living room
of Shenyang was not obvious in the simulation. In addition, although the overheating time
for the Yichun south bedroom was reduced by 12.41%, this is only 18 h because the total
overheating time was lower.

It can be seen that in the severe cold region and cold region in China, although the
building codes recommend horizontal shading devices in Beijing, they are also useful in
Harbin, Shenyang, and Dalian to alleviate summer overheating, especially in Harbin. Since
the overall overheating phenomenon in Yichun in summer is not serious and the duration
is relatively short, although shading can reduce the overheating time, the decision to install
shading devices can be taken according to the specific demand.

Yichun South Bedroom Yichun Living Room
May June ; August September May July August September
Harbin South Bedroom Harbin Living Room
-
June August September June August September
Shenyang South Bedroom Shenyang Living Room

] 1 ] 1 & ' L
- -*'l b ! - ' I ‘l e =
T m]p r .4. it w,gm. .
- - [ 1]
May June July August September June July August September
Dalian South Bedroom Dalian lemg Room

PR 6 i’ 'ml!

June July August September May . August September
Beumg South Bedroom Beijing Living Room
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Figure 15. Indoor operative temperature (°C) in south bedroom and living room on 10F of five cities.

Table 16. Urban latitude and recommended maximum W value.

Cities Yichun Harbin Shenyang Dalian Beijing
Sub-Region 1A 1B 1C 2A 2B
North Latitude (°) 47.72 45.75 41.77 38.90 39.93
W Recommended 0.7 0.7 0.8 1.1 1.1

Maximum (m)
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6.3. Influence of Shading Devices on Energy Consumption

In the severe cold region and cold region of China, winter lasts longer and summer
is shorter. Although the residential buildings in the five simulated cities experience over-
heating in summer, the installation of excessively large shading devices on the building
envelope will reduce solar radiation entering the room in winter and increase the heat-
ing energy consumption. Appropriately increasing the distance between the horizontal
shading devices and the upper part of the window, the change in the solar height angle
in summer and winter can be used to minimize this increase in energy consumption and
achieve Pareto optimization. For example, when W is 0.7 m and H is 0 m and 0.5 m, the
summer overheating duration in the Harbin south bedroom was reduced by 15.90% and
11.73% respectively, and the total energy consumption was increased by 1.97% and 0.30%
respectively. It can be seen that a reasonable H value can not only ensure the shading effect,
but also effectively increase the solar radiation of the south room in winter and reduce
energy consumption. Different value ranges are presented according to the geographical
location and climate characteristics of the city. Overlarge shading devices may increase cost
and affect the architectural aesthetics. According to the recommended values in Table 17,
architects could select reasonable horizontal shading design parameters in combination
with building facade design to improve indoor comfort and save energy consumption.
Additionally, the recommended value of horizontal shading data from the simulation is
available to policy makers to modify local building codes to alleviate overheating in the
cold region and severe cold region of China.

Table 17. Recommended horizontal sunshade dimensions.

North Latitude Recommended Recommended

Cities Sub-Region ©) W Value (m) H Value (m)
Yichun 1A 47.72 0.8 0.6
Harbin 1B 45.75 0.7 0.5
Shenyang 1C 41.77 0.7 0.4
Dalian 2A 38.90 0.6 04
Beijing 2B 39.93 0.6 0.4

In order to compare the effect of using horizontal shading with air conditioning to
reduce the length of the overheating period in summer and the increase of energy consump-
tion, the indoor temperatures in the 18-storey residential building with air conditioning
were simulated. The results showed that the south bedroom and living room on the 10th
floor of Harbin exceeded 26 °C for 426 h and 416 h, while buildings with natural ventila-
tion were reduced by 77 h and 65 h respectively, equivalent to a reduction of 15.31% and
13.51%. However, the annual energy consumption increased by 0.64%. When the horizontal
sunshade was set to W 0.7 m and H 0.5 m, the overheating period in the south bedroom
and living room was reduced by 11.73% and 9.36% respectively, and the total energy con-
sumption increased by 0.30%. The results showed that both horizontal shading and air
conditioning are effective in alleviating indoor overheating in summer, and reasonable
horizontal shading is more energy-saving than using air conditioning.

6.4. Application in the World

The research scope of this paper focused on the severe cold region and cold region in
northern China, which are located in a temperate continental climate. In similar latitudes
of the study area, there are a large number of cities with human aggregation. There are
many related studies on summer overheating in these areas. However, there is limited
research on temperate continental monsoon climates at present. This paper shows more
details about the research on summer overheating in this region. In the same latitudes of
the world, horizontal shading devices may also be used to improve indoor thermal comfort
and reduce energy consumption in summer. However, there are significant differences in
climatic conditions between the severe cold region of China and the other regions at the
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same latitude in the world. The research results of this paper provide a reference for the
data setting of this geographical region (Figure 16).

@ Sapporo
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[E—
- Savanna climate - Temperate monsoon climate
Tropical monsoon climate - Temperate continental climate
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Subtropical monsoon and monsoon humid climate - Plateau mountain climate
Mediterranean climate ® Cities

Figure 16. World climate zoning map; drawn by the authors.

7. Conclusions

Due to global warming and increasing requirements for indoor comfort, there is a

risk of indoor overheating in the severe cold region and cold region in China in summer.
This paper studied overheating in residential buildings in these regions, and selected five
typical cities for a simulation of the indoor operative temperature. In addition, the indoor
operative temperature and total energy consumption with different shading designs were
discussed. The findings include recommendations for the reasonable dimension of the
shading devices in five representative cities. The main research method was software
simulation and the principal conclusions are the following:

)

@

The severe cold region and cold region of China do have indoor overheating in
summer. The south-facing bedrooms and living rooms of the residential buildings
simulated in these areas experienced overheating to varying degrees in summer. The
risk of indoor overheating in residential buildings in cold regions is more serious.
The severity and duration of overheating depends on the geographical location of the
building and local climatic conditions. According to CIBSE TM59 and CIBSE Guide
A standards, Yichun, Harbin, Shenyang, Dalian, and Beijing experience overheating
in summer.

The results of this paper confirmed that horizontal shading is effective in alleviating
indoor overheating in severe cold region and cold region of China in summer. The
reduction in overheating in Harbin was of 64 h at most, which is 16.5% of the total
overheating duration. In China’s residential building code, there are no relevant
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provisions for the shading of residential buildings in the severe cold region and cold
region, except for cold region B. This provision could be modified to adapt to the
changing climate environment.

(3) The recommended horizontal shading parameters were described in this paper. Due
to the long winter and relatively short summer in these regions, the introduction of
shading devices in the building envelope would reduce direct sunlight entering the
room through the window in winter, thus increasing the heating energy consumption
in winter. This study recommends the dimension of the shading facilities in the
five cities.
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