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These days, many studies are about the performance of some shading devices. Many engineers think the
performance of internal shading systems is inferior to external systems. Because when using internal
shades, the solar heat has already entered the internal spaces and has become trapped. However, in
real applications, external shading is difficult to use, easily damaged and prone to dirt buildup. Internal
shading is more flexible, cheaper and easier to repair. Some engineers doubt the validity of this traditional
thinking and believe internal shading may be effective and useful to some extent because many occupants
use internal blinds to minimize air conditioning costs. In this paper, the possibility of substituting the
external shades with an internal ones using high reflectivity materials was studied through experimental
tests and simulation validations. The results indicate that an internal shading system may be as effective
as an external system if proper materials are used. Such substitution can reduce the overall cost of a
shading system and can provide flexibility to the design of building facades. A grey relational analysis of
the internal shade optimization is further presented so that the significant factors influencing the internal
shading device performance are better understood. These factors should be taken into consideration
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during the design.
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1. Introduction

Energy efficient and good daylighting design is receiving
increasing attention as environmentally friendly buildings are
becoming more popular. Using suitable shading devices can reduce
the energy consumption, and meanwhile, daylighting require-
ments that illumination levels in buildings be kept within an
acceptable range with no or little glare. Therefore, shading devices
are well suited to provide protection against excessive solar radia-
tion and decrease a building’s cooling load during summer.

In traditional view, the energy-saving effect of internal shading
device is far lower than that of external one [1]. But if internal
shading devices can get the similar energy-saving effect to exter-
nal ones, and be used instead of external ones, the designers can
be free to design the appearance of buildings, can be more con-
venient to change the devices, and can reduce the expense of
construction. Many studies have compared the influence of differ-
ent types of shading devices on the energy needs and cooling or
heating demands in buildings [2,3]. The effect of external vertical
and horizontal shading devices was examined by Alzoubi and Al-
zoubi [4], who addressed the quality of daylight in buildings and
the associated energy savings for three common positionings. Kim

* Corresponding author. Tel.: +86 13601971494; fax: +86 13601971494.
E-mail address: xupeng@tongji.edu.cn (P. Xu).

http://dx.doi.org/10.1016/j.enbuild.2015.11.040
0378-7788/© 2015 Elsevier B.V. All rights reserved.

[5] developed a series of simulations and measurements to ver-
ify the energy savings provided by external shading devices. The
effect of different shading devices and shading control strategies
for visual and thermal comfort combined with energy use has been
analysed in several studies [6-9]. Frontini and Kuhn [10] inves-
tigated the effect of coatings with various internal blinds on the
operative room temperature in an office space. Some simulation
studies have concluded that the amount of energy that can be saved
using internal shading devices is lower than using external ones by
just moving the blinds from the outside to the inside. Thus, they
advised using only external shading systems. However, this can be
incorrect and is expanded upon in the latter part of this paper. At
the same time, some researchers have focused on the assessment
methods used to determine shading device performance. Guglier-
metti and Bisegna [11] proposed simplified algorithms to assess the
indoor natural illumination at a prefixed point with external fixed
shading devices. A ray-tracing method was developed to describe
the global solar transmittance of louver shading devices by Sae-
lens et al. [12], who integrated using TRNSYS to assess the cooling
demands and required cooling power in an individual office fac-
ing south. The results showed that both the cooling demand and
peak cooling power can be estimated within an accuracy of 3%.
These studies demonstrated that detailed simulations can capture
the performance of both external and internal shades correctly.
However, few studies have been done to compare the energy effi-
ciency between internal and external shading devices. Even if the
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comparison has been done, there are still some shortages in these
studies. EnergyPlus has been used by Atzeri et al. [13] to compare
the performance of outdoor and indoor shading devices, and to
examine the thermal and visual comfort and the overall primary
energy use. PMV used in their study is a way to evaluate the effect
by testers. Due to the subjective evaluations instead of objective
judgements, some errors may occur. Thus, more exact ways need
to be taken to eliminate the influence from the testers.

In this paper, air-conditioning cooling loads are analysed
through experiments and simulations to compare the energy per-
formance of external and internal shading devices. The comparative
experiments were performed in Shanghai (China) for two rooms
of the same size, orientation and cooling equipment. Hourly cool-
ing loads were recorded to compare the energy performance
of the two enclosed spaces installed with external and internal
shading systems, respectively. The errors due to feeling deviation
of testers usually occur in some experiments of subjective evalu-
ations. Because the experiments and simulations in this paper are
all objective, the errors have been ruled out. Thus, the results from
the experiments and simulations can eliminate errors due to feel-
ing deviation of testers, and can judge whether internal shading
devices can get the same energy-saving effect to external ones
when some parameters of internal shading devices are optimized.
Because internal shading devices are more convenient and cheaper
than external ones, and can provide more freedom to building
designers, internal shading devices can replace external ones if
these two kinds of devices can save the similar quantity of energy.

Moreover, the energy performance of shading systems depends
on multi-factor and multi-variable inputs. Thus, a shading device
can be regarded as a grey system, which is a system with many
parameters—these parameters can affect the performance of the
system, but the correlated degree between these parameters and
the performance is unknown. The grey relational analysis can be
applied to assess the factors influencing the energy-saving effect.
Grey relational analysis (GRA), proposed by Deng [14] in 1982, is
an important component of grey system theory (GST) [15]. GRA is
a mathematical method suitable for solving problems with com-
plicated interrelationships between multiple factors and is used
for capturing their dynamic characteristics. GRA has been success-
fully applied in many fields, such as solving many multiple attribute
decision making problems [16-19], assessing and optimizing boil-
ers [20], flat-plate collectors [21], predicting software project
efforts [22,23], forecasting the performance of ejector refrigera-
tion systems [24], etc. Lee and Lin [25] proposed a perspective of
multiple objective outputs to evaluate the energy performance of
buildings and then used the GRA to rank the evaluated buildings.
The grey correlation coefficients between ECEI (Elasticity Coeffi-
cient of Environmental Investment), ECEC (Elasticity Coefficient
of Energy Consumption) and EEF (Energy Ecological Footprint) in
Shanghai (China) were calculated by Liu [26] to demonstrate the
interaction between an ecosystem and a behaviour system.

In this paper, we used a grey relational analysis (GRA) to study
the main factors affecting an internal shading device. EnergyPlus
[27] enabled the simulations of both external and internal shadings
to compare the shading effect for various input matrices. The results
of the factor analysis are helpful for designers and engineers to
choose the right materials and specify installation methods if an
internal shading system is to be built.

2. Theoretical analysis and methodology

2.1. Energy performance of internal and external shadings

The distribution of solar heat radiation through a window with-
out any shading is shown in Fig. 1. The sunlight hits the glass, which
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Fig. 1. Distribution of solar heat radiation through a window.

absorbs some heat and then delivers it to both the indoor and out-
door environments via convection and radiation. Due to the limited
heat capacity of ordinary clear glass, heat can only be stored for a
short time in the glass before being transferred directly to both
sides. Because the outdoor air temperature is higher and the direc-
tion of radiation is from outdoor to indoor, the overall trend is
a continuous flow of heat from the outside to the inside, which
could increase the indoor air temperature. In addition, a portion of
the daylight penetrates the glass and heats indoor objects directly,
which then heats the indoor air via convection and radiation.

Fig. 2b shows that an external shading system will prevent most
of the outside heat from entering a room, whereas an internal
shading system (Fig. 2a) redistributes heat that has already entered
the room. Therefore, the performance of internal shadings is gen-
erally inferior to external shadings.

From the comparison shown in Fig. 2, indoor heat gains are
mainly obtained through radiation and convection, presented as:

qtotal = Grad + qconv (1)

The terms on the right side of Eq. (1) are difficult to calculate,
but it is not necessary to determine g, in part for this study. It
is important to know the differences associated with external and
internal shading devices, which can be expressed as follows:

A‘]total = (totalint — Grotalext = Gabs + qref X (2)

where Goatarine 1S all the heat components associated with inter-
nal shading, Groatalext iS all the heat components associated with
external shading, q,,q represents the heat absorbed by the internal
shading device, q..f represents the heat reflected by the internal
shading device, and a is the radiation heat reflected by the internal
shades, but blocked by the window glass. The radiation parameters
are defined as:

a+pf+r=1 (3)

where « is the absorptivity of the internal shading device, B is the
reflectivity of the internal shading device, and t is the transmissiv-
ity of the internal shading device.

Based on Eq. (3), when f is large, « and 1 are correspondingly
small. According to Eq. (2), if « is lower and B is higher, q,,s will
be lower and q,.f will be higher. The variation of q,;,s will be higher
than that of g5 x a. Therefore, the total heat can be small if a highly
reflective material is used for the internal shading.

In addition, convection occurs between the shading device and
glass inside the room if internal shadings are used, whereas con-
vection occurs outside the room if external ones are used. With an
internal shading system, a portion of the radiative heat is reflected
outside. However, some portion of this heat is reflected back from
glass, increasing the indoor load. Other radiative heat is trans-
ferred into the room through gaps and another portion will heat
the shading device, which will deliver heat to both sides through
radiation and convection. However, if an internal blind is positioned
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Fig. 2. Impact of internal and external shading devices on solar radiation. (a) Internal shading devices and (b) external shading devices.

very close to the external glass, the value of g..f x a can be smaller.
This way can lower the total heat trapped inside.

When an outdoor shading system is placed in front of a window,
only a small portion of the radiative heat will pass through the
gaps. External shading devices are heated up and normally have
a higher temperature than the outdoor air. However, such heat is
mostly carried away by the outdoor air and only a small portion is
transferred inside through convection. The reflectivity of external
shades has little impact on its performance.

The comparison of heat flow between internal and external
shading gives the impression that external shading devices are
always better than internal shading devices. This impression may
not be always true because it depends highly on the reflectivity of
the shading materials, gap size, and the distance from the shading
device to the glass. To minimize or even eliminate this part of heat,
the distance between a shade and the glass should be shortened
and the reflection coefficient of the interior side of glass should be
as small as possible. Besides, shading materials with a high reflec-
tivity should be selected to minimize the heat absorbed by the
internal shading device, which will reduce the heat through con-
vection between the shading device and the glass, and will lower
the cooling load from the heat gained through radiation.

Due to economical and convenient demands, internal shading
devices are better choices than external ones. If internal shading
devices can get the same effect to the external ones by changing
some parameters, it is better to use internal shading devices instead
of external ones. Thus, it is important whether internal shading
devices can get the same energy-saving effect to external ones, or
even better than external ones. In the first part of the presented
paper, related experiments and simulations are used to solve the
concerned problems.

2.2. Grey relational analysis

Grey System Theory (GST), proposed by Deng [14] in 1982,
is a recently developed system engineering theory based on the
uncertainty of small samples. Grey relational analysis (GRA) is one
important method used in GST. It may be used to determine the
correlations between the reference factor and other comparative
factors of a system [28]. It makes use of relatively small data sets
and does not demand strict compliance to certain statistical laws,
simple or linear relationships among the observable variables [24].
The effects of the design and operation parameters on the energy
performance of the internal shading system involve multiple fac-
tors. Thus, this can be regarded as a grey system, and the GRA can
be applied to assess the factors influencing the energy savings to
gain more comprehensive information about their distribution and
contributions. These data will lead to better designs and operations
of internal shading systems.

The grey relational coefficient expresses the relationship
between the expected and actual experimental results. The degree
of influence, which is referred to as the grey relational grade
(GRG), is simultaneously calculated corresponding to each factor.
The degree of influence may be represented by the distance in an
imaging grey space without making prior assumptions about the
distribution type, which reveals the relative variations between
two factors, and indicating magnitude and gradient in a given sys-
tem. One sequence of data is assigned to be the reference series
Xo={x0(1),%0(2), ..., X (n)}, and the other is the comparative
series X; = {x;(1),%;(2), ..., x;(n)}. Generally, the GRA procedure
is:

Step 1: Dimensionless processing to remove anomalies associ-
ated with different measurement units and scales, which is also
called grey relational generating. In this paper, the initial-value
processing is applied to transform the data sequences into dimen-
sionless forms. In the initial-value processing, the elements in each
series are divided by the first component, such as:

/_XO(m) /_
0= % M) and x; =

X; (m)
xi (1)

(4)

Step 2: Calculation of the grey relational coefficient between X,
and X; at point k, which expresses the relative distance between
two factors:

min;min |x6 (k) —xg(k)’ + pmax;maxy

Xp (k) = x; (k)|

Xp (k) = x; (k)|

()

Xy (K) —x; (k)| -+ pmax;maxy

where

Xy (k) =% (l<)| is the absolute value of the difference
between X and X; at point k, min;miny |x; (k) — x; (k)| is the small-
est value of |x,(k)—x{(k)| and min;miny |xp (k) —x; (k)| is the
largest value of‘be (k) — x;(k)|. The variable p € (0, 1) is the dis-
tinguishing coefficient used to adjust the range of the comparison
environment and to control the level of differences in the relational
coefficients, which is set as 0.5 in this paper.

Step 3: Calculation of the grey relational grade. There are too
many relational coefficients to be compared directly, so further data
reduction makes use of average-value processing to convert each
series’ grey relational coefficients at all points into its mean, which
is known as the grey relational grade (GRG). Assuming each point
in a sequence of equal weight, the mean values of each factor may
be calculated using Eq. (6), the result of which is the correlation
between different factors and total cooling load for this study:

n
1
Ri= - &(k) (6)
k=1
where n is the number of simulation groups.
The GRG indicates the degree of similarity between the com-
parative sequence and the reference sequence. For each attribute,
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Fig. 3. The experimental platform used in this work. (a) Vertical view and (b) front view.

the reference sequence represents the best performance that could
be obtained by any of the comparative sequences. Therefore, for
a comparative sequence transformed from an alternative that has
the highest GRG between the reference sequence and itself, such
an alternative will be determined to be the best choice. The values
of the variable R; are between 0 and 1 in this work. The examined
factor, along with a higher value of R;, will affect the energy con-
sumption more significantly. Therefore, the main factors affecting
the behaviour of an internal shading system can be obtained in this
way.

Ifinternal shading devices are superior to external ones in terms
of the energy-saving effect, how to optimize the internal shading
devicesis necessary to be considered. The GRA is a good way to eval-
uate which parameters are more important to the shading effect of
internal shading devices. In the second part of the presented paper,
simulated data by EnergyPlus are analysed, and the most important
factor can be obtained using GRA.

3. Experimental tests
3.1. Introduction of experiments

The experiments in this work were carried out to analyse the dif-
ferencesin performances of external and internal shadings to assess
if well-designed internal shading devices are viable replacements
for external shading devices in actual projects. Internal shading can
result in not only convenient installation and lower costs but also
more flexible building facade designs.

The experimental platform was established in Shanghai (China),
and the test chamber configuration and size are shown in Fig. 3. The
platform consists of two identical full-scale rooms (4.25 m by 5 m)
equipped with an air handling unit (AHU), which can perform com-
parative experiments on the cooling load. The left room is equipped
with a shading device and the right has no shading devices. The
windows are facing south for each room.

The internal shading device was a curtain with a high reflectivity
coating on the side facing the windows. The coating was specifically
designed for shading. The external shading device is a roller blind.
The experiments were carried out for three working conditions (no
shading systems, external and internal shading systems) during the
period when the outdoor environmental parameters are similar.
AHUs ensured that the rooms remained at the same temperature.
The hourly cooling rate was recorded through a BTU-meter. The
cumulative cooling load for each working condition from 9:00 a.m.
to 2:00 p.m. was calculated. After 2:00 p.m., no direct sun hit the

shading devices. If the condition with no shading is treated as the
baseline case, the cumulative energy-saving rate of the external and
internal shading systems can be obtained from:

A Qcum,no shad — Gcum,shad < 100% (7)

qcum,no shad

Through the comparison of energy-saving rates, the difference
in the actual energy performance of external and internal shading
systems may be analysed to determine if it is appropriate to sub-
stitute external shading with internal shading.

3.2. Experimental results and discussions

Two identical rooms were tested for comparison of the three
working conditions, including:

¢ No shading test. Two rooms with no shading systems;

e External shading test. One room with external shading and one
room without shading;

¢ Internal shading test. One room with internal shading and one
room without shading.

The first experiment with no shadings was conducted to ver-
ify that the two rooms were comparable to each other and have
nearly the same independent variables. After utilizing the shading,
the energy-saving rate can be calculated via comparison of the two
rooms. Each working condition was tested from 9:00 a.m. to 2:00
p.m., and the experimental results for similar outdoor environmen-
tal parameters were selected for analysis.

3.2.1. Environmental parameters

The outdoor environmental parameters are plotted in
Figs. 4 and 5 for the three-day experiments, including the
outdoor dry-bulb temperature and direct solar radiation intensity.
It was necessary to ensure that clear sky conditions were prevalent
during the experiments. On the first day the no shading test was
performed to confirm that the two rooms are similar to each
other. On the second day the internal shading test was carried
out, in which one room was installed with an internal shading
device. On the final day the external shading test was conducted.
The energy-saving rates from the two rooms on the same day
were compared with each other, so that the difference in outdoor
dry-bulb temperatures and direct solar radiation intensities, as
shown in Figs. 4 and 5, have little influence on the results.
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discrepancy in cooling load. This difference is considered in the later
study to adjust the cooling load measured from the two rooms.

When one room uses a shading device and the other does not,
the differences in the cooling capacities of the two rooms are
approximately the energy savings. The ratio of such difference and
the cooling capacity of the room with no shadings is the energy-
saving rate when shading is used.

Figs.7 and 8 show the cooling capacities of the two rooms during
the experiments on the second and third day. As seen in Fig. 7a,
the hourly cooling load of the room with external shading is much
lower than that without external shading. The energy-saving effect
is significant when the outdoor air temperature is high and the
solar radiation is intense. The overall energy-saving rate is 64.1%
(adjusted) from 9:00 a.m. to 2:00 p.m.

As seen in Fig. 8a, the hourly cooling capacity decreases with
the use of internal shadings, and the energy-saving effect is also
significant when the outdoor air temperature is high and the

solar radiation is intense. The overall energy-saving rate is 56.2%
(adjusted) from 9:00 a.m. to 2:00 p.m.

Because the room is not large and only office level illumination
is maintained inside with no occupants, the cooling load comes
mainly from the outdoor heat and solar radiation. In this experi-
ment, the total lighting load is approximately 40 W, and most of
the heat exists in the recessed ceiling space. Therefore, the cooling
load from the lighting can be neglected. The experimental results
indicate good performance from both the external and internal
shadings. The internal shading system can replace the external
shading system of suitable materials are used and installed prop-
erly.

4. Simulation validations

From the experimental results, we can see that the shading
effects and the effects in terms of cooling load reduction from
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Fig. 9. Simulation model.

Table 1

Parameters of the reference shading materials.
Solar transmittance 0.3
Solar reflectivity 0.5
Transmittance of visible light 0.2
Reflectivity of visible light 0.7
Total emissivity of infrared light 0.9
Transmittance of infrared light 0.05
Material thickness [m] 0.005
Thermal conductivity [W/(mK)] 0.06

Table 2

Performance evaluation of the external and internal shadings composed of the same
materials for the summer design day.

Cooling capacity Cooling capacity
throughout the day throughout the day with
with no shadings internal shadings (kW h)
(kWh)

14.92 14.27 12.86
Energy-saving rate with ~ Energy-saving rate with
internal shadings (%) external shadings (%)

Cooling capacity
throughout the day with
external shadings (kW h)

4.36 13.81

internal shading are similar to those from external shading. Thus,
in actual projects, some internal shading measures should not be
excluded from consideration. EnergyPlus was used to further verify
the experimental results.

4.1. Model establishment

Shanghai (China) was selected as the location for simulations
because high-rise buildings in Shanghai all have problems related
with external shadings. A model room of 7 min length, 5min width
and 3 m in height was established. The room is lit by a window in
the wide side, which is 1.2 m high and 3 m wide and is composed of
3 mm thick single-pane glass. A lighting system was also placed in
the room. The building model and its size parameters are shown in
Figs. 9 and 10. The parameters of the reference shading materials
are shown in Table 1.

Moreover, there is no occupancy in the rooms in a whole day,
and the material of envelop is color plate. Also, the thickness of wall
is 0.24m, and the heat transfer coefficient of wall is 0.2 W/(m?2 K).
For controlling the environment conveniently, the two rooms are
covered by glass that can isolate the controlled environment and
real setting.

4.2. Simulation results and discussions
The cooling capacities and the energy-saving rates throughout

the summer design day compared with those with no shadings are
showninTable 2. The same materials were used for the external and

Table 3
Performance evaluation of the external and internal shadings composed of the same
materials for the entire year.

Capacity throughout
the year with no
shadings (kW h)

3565.39

Capacity throughout
the year with internal
shadings (kW h)

3499.62
Energy-saving rate
with internal shadings
(%)

1.84 7.84

Capacity throughout the
year with external
shadings(kWh)

3285.79
Energy-saving rate with
external shadings (%)

internal shading devices. The cooling load throughout the entire
year was also calculated, as listed in Table 3.

From the simulation results, it was found that by just moving the
external shading to an internal location, the shading performance
will decrease to some extent. Therefore, itis necessary to change the
solar reflectivity and the solar transmittance of the internal shading
system, as shown in Fig. 11.

It can be seen from Fig. 11 that the energy-saving rate of internal
shadings rises as the solar reflectivity increases and the solar trans-
mittance decreases. When the solar transmittance and reflectivity
are 0.1 and 0.8, respectively, the energy-saving rate will be approx-
imately 8.5% over the summer design day and approximately 4.5%
over the entire year. Although such effect is still inferior to that of
external shading, the results prove that the energy performance of
the internal shading device can be notably improved if the solar
reflectivity and transmittance are adjusted.

In addition, the energy-saving effect of the internal shading sys-
tem is related to the distance between the shading device and
window. The evaluation of shading performance for different dis-
tances between the shade and window is shown in Fig. 12, when the
solar transmittance and reflectivity are maintained at 0.3 and 0.4,
respectively. It may be concluded that reducing the distance can
also increase the energy-saving rate for the internal shading sys-
tem. Therefore, in actual projects, the distance between the shade
and window should be minimized to maximize the performance of
the internal shading system.

According to the simulations, the solar reflectivity, solar trans-
mittance, and the distance between the shading device and the
window are the factors that most change the performance of inter-
nal shading devices. If these factors are all adjusted to optimized
values (the solar transmittance and reflectivity are 0.1 and 0.8,
respectively, and the distance between shading device and window
is 0.01 m), the results are shown in Table 4.

After the adjustment, the energy-saving rate for the internal
shading is higher than with external shading. From Table 4, it is
obvious that internal shading devices have the potential to achieve
agood energy-saving performance, sometimes even better than the
external shading devices if designed properly.

It can be concluded from the simulations that both the external
and internal shading measures exhibit an energy-saving effect to
some extent, and that internal shading devices can exhibit similar
effects as external shading devices through appropriate adjustment
of some parameters.

5. Optimization of internal shading system by GRA

According to the analysis in Section 4.2, we can conclude that
the amount of energy savings can be improved if some factors of the
internal shading system are adjusted. In addition to the solar trans-
mittance, solar reflectivity, and distance between shading device
and window, there are some other factors that affect the perfor-
mance of internal shading. If these factors are suitably adjusted,
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Fig. 10. Size parameters of the simulation model. (a) Plan view of the model and (b) vertical view of the model.
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Table 4
Performance evaluation of the optimized internal shading.
Adjusted parameters of internal shadings Cooling load with internal shadings(kW h) Energy-saving rate with internal shadings (%)
Solar transmittance/Solar 0.1/0.8 In the summer design day
reflectivity
12.39 16.96
Distance between 0.01 In the whole year

shade and window [m]

3214.62 9.84
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Table 5

The results of the grey relational analysis.
Group number 1 2 3 4 5 6 7 8 9
Solar transmittance 0.3 0.2 0.3 0.2 0.2 0.3 0.3 0.2 0.1
Solar reflectivity 0.5 0.6 0.5 0.6 0.7 0.6 0.5 0.6 0.8
Visible transmittance 0.3 0.2 0.3 0.2 0.2 0.3 0.2 0.2 0.2
Visible reflectivity 0.5 0.6 0.5 0.6 0.7 0.6 0.7 0.7 0.7
Infrared hemispherical emissivity 0.9 0.9 0.8 0.9 0.9 0.8 0.9 0.8 0.8
Infrared transmittance 0.05 0.05 0.1 0.05 0.05 0.05 0.05 0.1 0.1
Thickness [m] 0.003 0.004 0.003 0.005 0.005 0.004 0.005 0.005 0.005
Conductivity [W/(m K)] 0.1 0.08 0.05 0.05 0.08 0.05 0.06 0.07 0.06
Dis. between shade and glass [m] 0.01 0.05 0.03 0.03 0.05 0.05 0.05 0.04 0.03
Total cooling load in summer design day [kW h] 13.67 13.86 14.18 13.73 13.20 13.64 14.27 13.85 12.74
Cooling load in whole year [kW h] 3412.62 3437.39 3490.12 3422.90 3339.64 3406.78 3500.77 3435.93 3269.89

[l Total cooling load in the summer design day
[ Cooling load in the whole year

Value of GRG

Effect Factors

Fig. 13. The correlation between the effect factors and the total cooling load.

the performance of internal shading system can be as good as that
of the external shading system, or even better.

From Table 5, there are nine main factors affecting energy
saving. These factors are the characteristics of shading materi-
als and geometric parameters, which changes the shading effect
substantially. Using EnergyPlus, we designed and conducted nine
individual groups of simulations with different values for the fac-
tors. The same types of internal and external shadings are used in
these simulations. The different values for the factors in the nine
groups and total cooling load are listed in Table 5.

To obtain the main factors of the internal shading device’s
energy performance, the grey relational analysis (GRA) is used
according to Table 5. First, the nine main factors and total cooling
load during the summer design day are transformed into dimen-
sionless values through initial-value processing and are defined as
xi(i=1,2,...,9)and xq. The group numberis setas k (k=1,2,...,9).
Then, £ and R; are calculated according to Egs. (5) and (6), respec-
tively. If xo is the cooling load over the entire year, the method
should was used over the summer design day. The results from the
GRA are shown in Fig. 13.

From Fig. 13, we summarize that the thickness, infrared trans-
mittance, visible reflectivity, and solar reflectivity are the most
important factors in determining the internal shading performance.
When the materials are selected for internal shading devices, these
factors need to be paid the most attention.

Additionally, other considerations should be taken:

(1) The reflectivity at the interior side of the window should be as
low as possible. Ordinary glass is better than low-e windows in
this respect. Some special windows, such as double-layer low-e
windows, can block the heat reflection of the internal shading

to outside. In such case, the energy-saving performance using
internal shading device may be reduced.

(2) The distance between the shading device and the window
should be shortened to reduce the heat transferred via con-
vection, which has been mentioned in Section 4.2. This factor
is the least important, as shown in Fig. 13. However, it is a zero
cost factor and a convenient method to reduce heat into rooms.

(3) The space between the shading device and the window should
be well sealed to reduce the hot air infiltration through the gaps.

(4) A shading material with high solar reflectivity and low trans-
mittance should be selected. This is an important and effective
way to improve the performance of internal shadings.

(5) If it is allowed, the thickness of shading blinds should be
increased. This is the factor that exhibits the highest correla-
tion with the effect factors and the total cooling load. Thus,
the shading device should be as thick as possible within an
allowable range.

6. Conclusions

Shading is one of the most effective means to reduce the cool-
ing load for buildings. The common wisdom holds that external
shading is better than internal shading. However, external shading
has many limitations, especially in high-rise buildings. External
shading is difficult to install and expensive to maintain and repair.

If properly designed, good internal shadings can be as effective
as external shadings. This study proves through both simulations
and experiments that by using highly reflective material, internal
shading can reduce the cooling load significantly. The cooling load
reduction from internal shading can even match external shading
if used properly.

If external and internal shading devices use the same material
and have the same geometric dimensions, the effectiveness of the
internal shading is inferior to the external ones. However, by adjus-
ting the solar transmittance, solar reflectivity and distance between
shading device and window, internal shadings can achieve good
energy performances, sometimes even better than some external
ones. Thus, engineers may consider using internal shading to sub-
stitute for external shading to save costs. Additionally, building
codes should not exclude internal shading as an alternative way
to provide shade in code compliance calculation.

By using grey relational analysis (GRA), we find that thickness,
infrared hemispherical emissivity, visible reflectivity, and solar
reflectivity are the most important factors in determining the per-
formance of internal shading system. Therefore, engineers should
pay more attention to these factors than any others.

In summary, a properly designed internal shading system can
work as well as an external shading system. When designing build-
ings, architects and engineers should consider internal shading as
a viable option for improving the overall building facade energy
efficiency.
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