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ABSTRACT

This research aims to study the possibility of the application, to analyze the
thermal performance, and to figuring the energy performance of naturally ventilated
double-skin fagade in the hot and humid climate region with Indonesia’s climate as a
case study. Ventilated double-skin fagade can be defined as a fagade construction,
which comprises of the outer glass, the shading device, and the inner glass. The outer
glass and the inner glass form a cavity air space as a channel for the air flow to pass
from the lower air inlet to the upper air outlet.

The research runs firstly by numerical simulation to predict the solar heat gain and
the thermal performance of the cases. The cases were based on the combination of the
thickness of the glass skin and the distance between the outer and inner glasses,
including the orientation of double-skin fagade. The result of the numerical simulation
hereafter was used to calculate the U-value and the Shading Coefficient (SC) of the
double-skin fagades. After determining the U-value and the SC of double-skin facade,
the next step of the research was to calculate the heat load of the double-skin facade
model building using MicroHASP/TES. The heat load resulted from the calculation tool
was used to designing the air-conditioning system of the double-skin fagade building
model and then simulated it using LCEM Tool afterward to evaluate the energy
performance of the building model.

The results of the numerical calculation show that the naturally ventilated double-
skin fagade was effective to minimize the solar heat gain and the thermal transmittance.
Proper combination of the thickness of the outer and the inner glasses can significantly
reduce the solar heat gain as well as the proper arrangement of the distance between the
outer and the inner glasses can reduce the thermal transmittance. In comparison to the
single-skin facade, naturally ventilated double-skin facade was perform better in
reducing heat load with no condensation occurred on the surface of the inner glass
during building operation time from 08:00-17:00, even at rainy season. Moreover,
reflectance, absorptance, and transmittance of solar radiation in double-skin fagade are
varying based on the angle incidence of solar radiation. When the angle incidence is
lower than 70°, the percentage of transmittance, reflectance and absorptance of the solar
radiation is low and relatively constant. The percentage of reflected solar radiation will
increase rapidly and the percentage of absorbed and transmitted solar radiation will
decrease when the solar incidence angle is higher than 70°.

Furthermore, the simulation on the energy performance of ventilated double-skin
facade showed the advantages in reducing primary energy consumption. The annual
total energy consumption of the double-skin fagade window system was 12% lower than
other window systems (8mm single-glass and 6mm pair glass window types). Moreover,
the system COP for both 8mm glass single-skin facade and 6mm pair glass was 3.21,
and double-skin fagade window system is 3.32. The system COP can be improved by
installing double-skin facade obviously. Consequently, the ventilated double-skin
facade is efficient and useful in reducing energy consumption in buildings in the hot and
humid climate area.

Keywords: naturally ventilated double-skin facade, hot and humid climate, solar heat
gain, thermal transmittance, energy efficient, and energy consumption.
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NOMENCLATURE

Greek symbols

y tilt angle of the window surface [°]

v wind speed or air velocity [m/s] or amount of ventilation per-unit width of
double-skin [m*/(s- m)]

o absorption rate [-] or coefficient of flow [-] or azimuth angle [°]

S inclination angle [°]

e emissivity of glass [-]

p reflectance rate [-] or density of air [kg/m3 ]

T transmittance rate [-]

Roman symbols

A

c
DN
G
gD
8s
h
h*
i

I
Iop
Iys
Ip
I
Is

n
Qin
Or
Or
SC
SG

SH
TH

Subscripts

a

air

solar azimuth [°]

specific heat of air [kJ/(kg- K)]

direct normal radiation [W/m?’]

absorption coefficient of emission [-]

direct solar radiation rate on 3mm standard glass [-]

diffuse solar radiation rate on 3mm standard glass [-]

heat-transfer coefficient [W/m?-K] or solar altitude [°]

solar altitude as seen from the surface [°]

incident angle of the window surface [°]

solar radiation [W/m?]

direct solar radiation to the surface [W/m®]

diffuse solar radiation to the horizontal surface [W/m?]

direct solar radiation [W/m?]

solar heat gain at standard glass 3mm [-]

diffuse solar radiation [W/m®]

number of segment

heat flow due to temperature difference between the outdoor and indoor
[W/m?-K]

convective heat flow due to temperature difference between the outdoor and
indoor [W/m*- K]

radiative heat flow due to temperature difference between the outdoor and
indoor [W/m*-K]

shading coefficient [-]

glass surface area ratio to the sunshine [-]

sky horizontal radiation [W/m?]

total horizontal radiation [W/m?’]

absorption
air layer of double-skin
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black body surface

¢ convective

D direct

o ground

i inner glass

in indoor

og outer glass

B radiative

ref reflected

s diffuse or sky

<d shading device

ran transmitted

z high of segment of double-skin
Abbreviation

ACH Air Change per Hour

AFN Airflow Network

AHU Air Handling Unit

BEB Building Energy Balance
CFD Computations Fluid Dynamics
COP Coefficient of Performance
CT Cooling Tower

CwWC Constant Water Volume
EPZ East Perimeter Zone

FCU Fan Coil Unit

1z Interior Zone

LCEM Life Cycle Energy Management
NPZ North Perimeter Zone

OA Operating Appliances

SPZ South Perimeter Zone

TT Thermal Transmittance
VWV Variable Water Volume
WPZ West Perimeter Zone
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CHAPTER 1. INTRODUCTION






1.1. Background

Since the end of World War II, modern architecture building is growing rapidly
with attractive high storey glass facade. International style, modern style, and
postmodern style are characterized most commonly by the glass facade providing an
aesthetical view.

Essentially, the building facade has to separate the outdoor and the indoor
environment. It should act like a barrier from the outdoor environment and control the
indoor environment. It has the important roles in solar heat gain management, heating
and cooling load control, air ventilation control, acoustical control, and aesthetical view.
Therefore, the fagade should be designed carefully to achieve its goals and the particular
contexts of the purpose of it build "%,

Indonesia is an archipelago that located along the equator. Because of its
location, Indonesia has tropical climate. The weather is hot and humid and divided with
two distinct seasons; dry and rainy seasons. The dry season is from May to September
and the rainy season is from December to April. Between these seasons, there are
seasonal transition periods, which are the transition period between dry season to rainy
season from October to December, and the transition period between rainy season to dry
season from April to May. Since there is no distinct temperature difference between
these two seasons, only cooling session is needed along the year.

There are many kinds of strategies that have been being developed to explore the
potential of facade, which is varying in their design, performance, and characteristic
according to their location. Building in cold and temperate region essentially has a

different facade characteristic compared to building in hot and humid region and vice



versa. The difference in climatic condition would lead to the difference in the
appearance, fagade, material, and construction technology.

The fagade design of many building in Indonesia, especially high-rise building is
unfortunately looked like “western style” with fully covered glass facade with little
concern for designing to the climate condition and passive design strategies to reduce
the energy consumption in building. This situation leads to high-energy consumption in
providing comfortable indoor environment.

Since the primary goal of the fagcade design in hot and humid climate is to
reduce the solar heat gain, there are numbers of strategies that can be applied such as
external or internal shading devices, advanced glazing technology, and double-skin
facade systems. In particular, double-skin fagades represents the evolution of fagade
technology to addressing the issue of the heat gain through largely transparent fagades.
One of the types of double-skin facade that can be addressed to the hot and humid
climate region is a ventilated double-skin facade, which is characterized by having at
least two glass panes between the outdoor and the indoor, the air spaces (cavity)
between the glass panes, the blinds that act as a shading device, and the air passes
through the cavity ).

However, there are special awareness has to be put in attention when applying
double-skin facade in hot and humid climate. High humidity during all year round,
especially in rainy season could cause high moisture in the cavity of double-skin, which
could cause the occurrence of the condensation on the outer surface of the inner-glass.

Moreover, the solar position of the location near the equator may reach the
higher position at certain month and day. For example, the solar altitude at latitude 5°

South will reach the higher position at 88.7° on October 9 at 12:00 o’clock, and at 89.1°



on March 8 at 12:30 o’clock. This will affect to the amount of solar radiation reflected
and transmitted into the indoor. Consequently, the higher position of solar altitude is the
higher reflection and the lower transmission of solar radiation into the indoor.
Furthermore, since the high temperature and humidity all year long, the double-
skin facade in hot and humid climate shall be operated by opening the lower air inlet
and upper air outlet. By opening air inlet and outlet, the fresh air can be introduced into
double-skin’s cavity which then the hot air could be driven out through the air outlet to

mitigate the hot air in the cavity and to prevent condensation to occur.

1.2. Problem Identification and Proposed Solution

1.2.1. Problem identification

Double-skin facades have proven to be efficient at reducing building energy
consumption particularly heating loads in winter and cooling loads in summer, and they
have been successfully applied in cold and temperate climates. However, there is
currently insufficient information for designing a double-skin fagade that can be used in
a hot and humid climate such as Indonesia’s.

There are some problems that have to be paid more attention in applying double-
skin facade in Indonesia. The hot and humid weather condition may become a problem
in double-skin fagade. In rainy season, the ambient air will more humid and the
condensation may occur in the double-skin fagade.

Since the location of Indonesia is in the tropic-equator, the application of
double-skin fagade shall be benefit in reducing solar heat gain. Solar altitude in the

equatorial lane may reach the higher position up to 90°. As the result, the solar



incidence may also reach the higher degree. Higher degree of solar incidence would be

benefit for the building facade since large amount solar radiation could be reflected.
1.2.2. Proposed solution

Double-skin fagade is a concept for reducing energy consumption in building,
this applies the fagade technology to reduce cooling and heating load. It comprises of
outer glass and inner glasses, which form a cavity space. Between outer and inner
glasses, there are a shading device and air space. At the bottom of the cavity, there is a
lower aperture, as well as upper aperture on the top of the cavity. These apertures are
operable for open and close to allow natural ventilation applied to the cavity.

The performance of double-skin fagade in reducing cooling load in summer and
heating load in winter has been widely discussed and proved in several European
countries, which climate is moderate. In the other word, the double-skin fagade has the
advantages in reducing energy consumption due to summer and winter condition.

Therefore, since the double-skin facade has the advantage in reducing cooling
load in summer, it can be assumed that it could also be benefited if it applied in the hot
and humid climate. The double-skin facade for hot and humid climate area has to be
ventilated, which allow the fresh air to be introduced into the cavity to decrease the heat
over the cavity. However, there are several things to be considered including the
thickness of glasses, the width and depth of cavity, the shading device, and the
operation of apertures.

In this research, double-skin fagade is proposed to be applied in the office
building located in Makassar, Indonesia. Currently, the office building is tending to

grow rapidly as a consequence of the economic growth. The lack and the high price of



the land also make the office building growth up in Indonesia. However, the accretion
of office building linearly causes the increase of energy consumption for air
conditioning. Furthermore, the use of fully glassed facade may increase the sensible
cooling load of the building and cause the high energy consumption. Therefore, the
double-skin facade is proposed as a solution to reduce energy consumption for cooling
session in office building in hot and humid climate likes Indonesia.

However, in order to reach optimal result of the usage of double-skin fagcade in
hot and humid climate, the specific design and operation of double-skin facade should
be put in attention. The design of the cavity air space of double-skin fagade in hot and
humid climate has to be ventilated. To ventilate the cavity, the air inlet and outlet shall
be opened which then allow the fresh air to be introduced into the cavity, and to allow
warm air to be exhausted through the air outlet. The design and operational condition of
double-skin facade are supposed to mitigate the overheated of the cavity and to prevent

condensation to occur in double-skin fagade.

1.3. Research Aims

The aims of this study are:

a. To find out the possibility of the application of double-skin facade in hot
and humid climate area especially in Indonesia

b. To evaluate the thermal performance of double-skin fagade under hot and
humid climate condition. The thermal performance of double-skin fagade
takes an account of the solar heat gain the thermal transmittance of double-
skin facade. The evaluation of solar heat gain and thermal transmittance of

double-skin facade would lead to the information of the performance of



double-skin fagade related to the solar heat gain and thermal transmittance of
double-skin fagade.

c. To evaluate the energy efficient performance of double-skin fagade
compared to single-skin fagade under hot and humid climate condition. The
evaluation of energy efficient of double-skin facade in this research was
focused on the energy consumption used for air conditioning only. The
energy consumption of double-skin facade was compared with energy
consumption of single-skin fagade of the same model building. Evaluation of
energy consumption takes an account of the power consumption of the air
conditioning component such as heat source, cooling tower, heat pump, air

handling unit, and fan coil unit.

1.4. Research Significance

The fagade of building in hot and humid climate like in Indonesia should be able
to minimize the effect of the solar heat gain. Naturally ventilated double-skin facade is
one of the solutions to anticipate the effect of solar radiation to the building.

The significance contributions of this research are:

1) Analyze the thermal performance of naturally ventilated double-skin fagade during
dry and rainy seasons.
a. It tests the applicability of ventilated double-skin fagade in hot and humid
climate.
b. Analyze the effect of the thickness of the outer and inner glass, and the distance

between them.



c. Analyze the effect of solar incident angle to the reflection, absorption, and
transmission of solar radiation.
d. Assessing the possibility of condensation to occurs in the cavity of double-skin
facade.
2) Evaluate the energy performance of ventilated double-skin fagade in hot and humid

climate.

1.5. Dissertation Structure

The first chapter describes the background to the aims, and the significance of
the research.

The second chapter is a review of literatures, which contains the short history of
double-skin fagade and the definition, which focused on ventilated double-skin fagade.
It also describes the classification of double-skin facade, which are based on the types
of ventilation in the cavity, partitions of the cavity, and the airflow driven types. The
main components that construct the ventilated double-skin fagade and physical
properties, including the airflows, the thermal performance, and the energy performance
of double-skin fagade are also described within this chapter.

The third chapter is a part that discusses the numerical model of naturally
ventilated double-skin fagade, including the numerical calculation, calculation flow of
the numerical simulation, and the calculation of U-value and Shading Coefficient. The
heat-transfer coefficients of the outer-inner glass and the shading device are described
following the solar radiation properties, and the heat balance of double-skin facade.

The fourth chapter started by describing the overview of the hot and humid

climate and more profound the characteristic of the Indonesia climate. It also presents



the simulation result of the solar heat gain and the thermal transmittance of ventilated
double-skin facade, which based on the cases related to the outer and inner glass
thickness and distance and the orientation of the double-skin, including the possibility
of the occurrence of the condensation at the inner glass pane of double-skin.

The fifth chapter discusses the energy performance of double-skin facade. This
chapter presents the overview of the building model used to evaluate the performance of
double-skin facade, and the calculation of the heat load of the building model using
MicroHASP/TES. The chapter also describes the simulation of energy-efficient
performance of double-skin fagade using LCEM and the result of the simulation process.

Chapter sixth is the conclusion of the study.
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CHAPTER 2. LITERATURE REVIEW
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2.1. Short History of Double-skin Facade

Jean Baptiste Jobard, director of the industrial museum in Brussel, introduced
the early concept of double-skin fagade in 1849. According to Jean Baptiste Jobard as

HBI 0 winter hot air should be circulated between two glazing,

mentioned by Saelens |
while in summer it should be cold air. This concept is still in remains about 54 years

until Steiff Factory was built in Giengen-Germany in 1903.

Figure 2.1-1. Steiff Factory in Giengen-Germany !’

Steiff Factory as can be seen at Figure 2.1-1 is the first ever double-skin fagade
building was built, which intended to minimize the effect of the cold weather and the
strong winds over the region. It allows exterior ventilation of the cavity and can be

regarded as an early example of a naturally ventilated multiple-skin facade . The
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building consisted of three storeys with a storage in the first floor, the second and the
third floor used as a working areas ™! [ ]

Le Corbusier in 1916 used second skin glazing system, which is very large
windows (one of them two storeys high) that designed in two layers, with heating pipes
between them, to prevent down draughts in his Villa Schwob in his home town of La
Chaux de Fonds in Switzerland. Later on, he designed a multiple glass layer wall called
“Mur Neutralisant”, which means neutralizing walls are made of glass or stone or both
of them, for the Cite de Refuge (see Figure 2.1-2), the Salvation Army Hostel in Paris
[10]

, which is acts as an air duct to neutralize the effect of the cold or sun. Unfortunately,

this idea was never implemented due to the high initial cost !'".

5
.

/
4
f
/|

!

Figure 2.1-2. The South fagade of the Cité de Refuge building right after completion in
1933 (left) and as it is now (right) /'

The Occidental Chemical Center (built in 1980’s) known as the first double-skin

fagade in North America (Figure 2.1-3), which is represent fundamental importance in
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the recent history of the glass in architecture. The skin system used by Occidental is
sometimes termed “dynamic” owing to its ability to change as a function of the time of
year and time of day. The louver system was designed to automatically rotate to control
daylight entering the building. There were solar cells on the back of each bank of the

aerofoil louvers. If sunlight fell on the cell, the louver would rotate, tilting the bank and

[13]

blocking out the sun

Image source: http://www.architecture.uwaterloo.ca/faculty projects/terri/images/hookerl.jpg

Figure 2.1-3. The Occidental Chemical Center

Until the recent decade, many double-skin facade have been built. Apparently,
the building facade is not just an ornamental cladding but more is a responsive skin,
which is integrated to the entire building. Building skins is now becoming a major focus
on the goal of reducing a building’s energy load, and this is the role of the double skin

fagade in transforming the way of building designs. The double skin fagade can provide
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a visual symbol of energy-efficiency !'¥ . For both aesthetic and performative reasons,
this innovation in facade engineering should be seen as an opportunity for efficiency

and whole building integration *),

2.2. Definitions of Ventilated Double-skin Facade

The ventilated double-skin fagade is different from conventional double and
triple glazed facades, and it characterized by the passage of air through the cavity air
space between the inner and the outer glass.

Ventilated double-skin fagades are further differentiated from conventional
double or triple glazed facades by the passage of air through the cavity between the
inner and outer skins. The movement of air is an important departure from more
standard glazing systems such as double and triple glazed insulating units. The thermal
mechanisms are different as are the impacts on energy and comfort. The facade can no
longer be envisioned as a static object. Air moves through it modifying and at times
dominating its performance characteristics !>,

A ventilated double skin facade can be defined as a traditional single facade
doubled inside or outside by a second, essentially glazed fagade. A ventilated cavity —
with a depth from about 10 centimeters at the narrowest to 2 meters for the deepest
accessible cavities — is located between these two skins. The cavity can be ventilated
with natural, mechanical or hybrid ventilation "',

The double-skin facade is ventilated with outside air and allows the ventilation
of outside air through open able windows - even in high-rise buildings without causing

: 1
any nuisance L 7].
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2.3. Classification of Ventilated Double-skin Facade

The Belgian Research Institute gives a useful classification of ventilated double-
skin fagade. The ventilated double-skin facade can be classified based upon three
criteria '*;

1. The type of ventilation

2. The partitioning of the fagade

3. The modes of ventilation of the cavity

The type of ventilation refers to the driving forces at the origin of the ventilation
of the cavity located between the two glazed fagades. Only a single type of ventilation
characterizes each ventilated double skin facade concept. One must distinguish between
the three following types of ventilation ['® ['):

1. Natural ventilation, which is relies on pressure differences without the aid of
powered air movement components.

2. Mechanical ventilation employs the aid of powered air movement components.

3. Hybrid ventilation (mix between natural and mechanical ventilation), lies in a
control compromise between natural ventilation and mechanical ventilation. In
general, natural ventilation is used as far as possible. The mechanical ventilation is
only triggered when the driving forces of natural ventilation become inadequate and
no longer make it possible to achieve the desired performances. A control system
permits the shift from one type of ventilation to other in an automatic and

controlled manner based on a control algorithm. It should be noted that few

ventilated double fagades use this type of ventilation.
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Further, in this research, the natural ventilation type was used to investigate the
performance of ventilated double-skin facade under the hot and humid climate condition.
The reason takes into account the availability of natural ventilation as well as the

simplicity of the operation of double-skin facade.

2.4. Types of Naturally Ventilated Double-skin Facade

Some types of naturally ventilated double-skin facade are !'*':

1. Shaft-box naturally ventilated double-skin fagade
2. Corridor type naturally ventilated double-skin fagcade partitioned by storey
3. Multi-storey naturally ventilated double-skin facade

4. Multi-storey louver naturally ventilated double-skin fagade
2.4.1. Shaft-box ventilated double-skin facade

The module of the facade, which imposes its dimensions on the cavity,
physically delimits this type of fagade, the cavity horizontally and vertically. The facade
module has a height limited to one storey ["*! (see Figure 2.4-1). The air is naturally
drawn through the ventilation duct and then evacuated via the outlet located in several

floors ',
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Figure 2.4-1. Shaft-box ventilated double-skin fagade !> ")




2.4.2. Corridor type ventilated double-skin facade partitioned by storey

The corridor type ventilated double-skin (Figure 2.4-2) fagades partitioned per
storey are characterized by a large cavity in which it is generally possible to walk.
While the cavity is physically partitioned at the level of each storey (the cavities of each
storey are independent of one another), it is not limited vertically, and generally extends

across several offices or even an entire floor [,

€ ainirmmpe ey  Sastath

a. cavity extending across several b. cavity extending over a whole storey — ventilation
rooms - ventilation not controllable controllable by means of ventilation boxes

via permanent ventilation openings

Figure 2.4-2. Corridor type naturally ventilated double-skin fagade partitioned by
storey [15]

2.4.3. Multi-storey ventilated double-skin facade

This kind of naturally ventilated double-skin facade is not partitioned nor
vertically nor horizontally *” with large volume of cavity. The cavity is high enough to
permit access to individuals (cleaning service, etc.) and floors, which can be walked on

are installed at the level of each storey in order to make it possible to access the cavity,
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primarily for reasons of cleaning and maintenance !'*). It has at least two ventilation
modes, the outdoor air curtain and buffer zone. Very good acoustical performance with

fully glazed from bottom to top ! (Figure 2.4-3).

Figure 2.4-3. Multi-storey naturally ventilated double-skin fagade ! ['*]

2.4.4. Multi-storey louver ventilated double-skin facade

The multi-storey louver naturally ventilated double fagade is very similar to a
multi-storey ventilated double fagade. Its cavity is not partitioned either horizontally or
vertically and therefore, forms one large volume. Metal floors are installed at the level
of each storey in order to allow access to it, mainly for cleaning and maintenance. The
outer glass is composed exclusively of pivoting louvers and not airtight, even when the

louvers have all been put in closed position ') (Figure 2.4-4).
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a. View of the louvers in horizontal position b. View of the outdoor facade with some
louvers tilted

Figure 2.4-4. Multi-storey louver naturally ventilated double-skin fagade [/ ['*

2.5. Ventilation Modes

The ventilated double-skin fagade can also be classified according to its
ventilation mode. The origin of the airflow is an important characteristic because it

4. The ventilation mode

largely influences the eventual average cavity temperature '
refers to the mechanism of the air circulating in the cavity as can be seen at Figure 2.5-1
that is "*;
1. Outdoor air curtain.

This ventilation mode allows the outdoor air introduced into the cavity through

the bottom of the cavity and immediately rejected toward the outside through the

top of cavity. Therefore, ventilation of the cavity forms an air curtain enveloping

the outside.

2. Indoor air curtain.

In this ventilation mode, the air introduced from the inside of the room into the

cavity and then returned into the room through the ventilation system. This
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mode allows the cavity to form an air curtain which enveloping the indoor
facade.

3. Air supply.
The air supply mode allows the outdoor air introduced into the cavity through
the bottom of the cavity and then ventilated into the indoor through the
ventilation system, creating air supply into the building.

4. Air exhaust.
The purpose of this ventilation mode is to bring the indoor air to the outdoor
through the cavity. It evacuates the air from the building toward the outside.

5. Buffer zone.
The buffer zone mode makes the skin act like an airtight. No ventilation allowed,

and it functioned as a buffer zone between the indoor and the outdoor.

AT TN AT

ouT| | |IN |OUT IN- [ OouT| @ | IN oUT| ¢ |IN |OUuT IN

1 2 S 4 5
Figure 2.5-1. The ventilation modes !>} 2%
According to Shan-Shiou Li ", natural ventilation can provide an

environmental friendly atmosphere and reduce the requirement for mechanical
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ventilation. On the other hand, natural ventilation is not without risk. It may create a
door-opening problem due to pressurization. Besides, if the air path is not appropriately
designed, the solar heat gain within the facade cavity will not be removed efficiently
and will increase the temperature in the cavity. In the naturally ventilated double facade
system, the air is brought into the cavity and exhausted by two means: wind pressure
and/or the stack effect. Wind pressure typically dominates the airflow rate. If properly
designed, wind flowing over the fagade can create pressure differences between the inlet
and outlet inducing air movement. Without wind, the cavity can still be ventilated due to
the stack effect. As the air flows into the lower inlet, it is heated and becomes less dense
and thermally buoyant. As a result, the air will flow into the inlet and out to the outlet
while removing heat. Because there are the potentials for stack-driven and wind-driven
pressures to be counteractive, the air path and exterior openings need to be correctly
sized and configured to ensure the stack effect pressures and wind-driven forces are
additive. Otherwise, the preheated airflow in the cavity will tend to radiate to the

interior, and opening the inner layer window in summer will introduce a burst of hot air.

2.6. Components of Ventilated Double-skin Facade

2.6.1. Outer and inner glass

The distance between the outer and the inner glass could be varied from 80cm to
200cm wide. In some cases, the outer glass is double-glazed. The choice regarding the
glass type for the interior and exterior panes depends on the typology of the facade. In
case of a fagcade ventilated with outdoor air, an insulating pane (sealed double-glazed

unit) is usually placed as a thermal break at the interior side and a single pane at the
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exterior side. In case of a fagade ventilated with indoor air, the insulating pane is usually
placed at the exterior side, the single pane at the interior side. For some specific types of
facades, the interior window can be opened by the user to allow natural ventilation

within the building M.

2.6.2. Cavity

The cavity of double-skin facade is a space between the outer and the inner glass.
The cavity of double-skin fagade can be air tight or ventilated. Airtight cavity is
function as a buffer zone, usually used in winter to maintain the indoor temperature. The
ventilated cavity is referring to the cavity with opening at the lower and upper aperture
of double-skin fagade. It utilized usually in summer where fresh air from outdoor
introduced via the lower aperture into the cavity and ventilated throughout the upper
aperture. This ventilation system is utilizing the benefit of stack effect, which allows the
air in the cavity to be flowed through the upper aperture. The pressure difference
between lower and upper aperture can be used if the wind speed is sufficient, which
possibly make the air in the cavity circulated. Both methods stack effect and pressure
difference could beneficially reduce the heat in double-skin fagade.

The cavity of double-skin facade may ventilate in naturally, mechanically, and
hybrid. The depth of the cavity can vary as a function of the applied concept between
10cm to more than 2m. The depth influences the physical properties of the fagade, and

the way that the facade maintained !'*! "%,

2.6.3. Shading device

The position of shading device is between the outer and the inner glasses. The

shading device is placed inside the cavity for protective reasons. Often a venetian blind
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is used. The characteristics and position of the blind influence the physical behavior of
the cavity because the blind absorbs and reflects radiant energy. Thus, the selection of
the shading device should be made after considering the proper combination between

the pane type, the cavity geometry and the ventilation strategy ['*! 1'%,

2.6.4. Apertures

The aperture allows the air to be circulated in the cavity of double-skin. Lower
aperture is the air inlet as well as upper aperture is the air outlet. The choice of pane
type, shading device, geometry of the cavity, and type, size and positioning of the
apertures of the cavity and ventilation strategy is crucial to the performance of a double-

18] When designing a double skin facade it is important to

skin facade system
determine type, size and positioning the aperture of the cavity since these parameters

influences the type of airflow and the air velocity and thus the temperatures in the cavity

(more important in high-rise buildings) !*.

2.7. The Physics of Double-skin Facade

2.7.1. Airflows

According to Harris Poirazis in his literature review of double-skin facade, [*!
airflow simulations of the double skin facade cavities are necessary if one wants to
calculate the temperatures at different heights in the cavity. The approaches for
calculating the airflow inside the cavity differ in the existing literature.

Djunaedy et al ! categorize the main airflow modeling levels of resolution and

complexity as described below:
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* Building energy balance (BEB) models that rely on the estimated values
of airflow. BEB is possible to do a general comfort assessment, to check
a suggested solution for the problem, and to present the associated
energy consequences in the same process.

= Zonal airflow network (AFN) models that are based on (macroscopic)
zone mass balance and inter-zone flow-pressure relationships; typically,
for a whole building.

= CFD that is based on energy, mass and momentum conservation in all
(minuscule) cells that make up the flow domain; typically, a single
building zone.

Building energy balance is difference with heat balance calculation used in this
research. The heat balance numerical calculation used in his research is based on the
calculation of air temperature of double-skin, temperature of the inner glass,
temperature of shading device, the amount of ventilation in double-skin, and the amount
of transmitted solar radiation.

Inside a double-skin fagade, the air temperature will mainly depend on heat
gains and on the amount of airflow. However, in a naturally ventilated double-skin
facade the airflow itself is mainly governed by the temperature difference with outside,
and, possibly, also by wind induced pressure differences; the airflow is typically highly
erratic (%1,

Natural ventilation is an important aspect of double-skin fagade performance,
which is related to thermal transmittance and solar heat gain. Several investigations
have been performed in which an integrated modeling process was used to define the

relationship between natural ventilation and the thermal performance of double-skin
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facades. Pappas and Zhai investigate the thermal performance and correlations of
double skin facade with buoyancy-driven airflow using a numerical model **!. Ding et
al has investigated the performance of naturally ventilated double-skin fagade with solar
(241 Manz and Frank have simulated the thermal performance of double-skin facade '**.

Most of these reports have focused on the stack effect or the solar chimney concept.
2.7.2. Thermal performances

Some research has been done related to the thermal performance of double-skin
facade. Chan et al. have investigated the performance of a double-skin fagade in Hong
Kong in comparison with a conventional single-skin facade with absorptive glazing *°.
In addition, through a comparison of double-skin and single-skin facades in a hot arid
climate, Hamza found that a double-skin facade with reflective glass could achieve

[27

better energy savings than a single-skin facade with reflective glazing *”. Xu and Yang

have researched the thermal performance of a double-skin fagade that uses natural
ventilation and Venetian blinds **!, and Hien et al. found that a double-skin facade with
natural ventilation could reduce energy consumption as well as improve thermal
comfort .

[30

Kato et al % have studied the effectiveness of double-skin facade in reducing

cooling load by coupling it with earth-to-air heat exchanger. Moreover, Yoon et al have

proposed the prediction technique of the performance of double-skin facade during

: 1
cooling season '),

11221

According to Bartak et al ", in general, the double-skin facade acts as a thermal

buffer in front of the offices. This has two counteracting thermal effects for the offices.
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1. The air temperature in the double-skin fagade will be higher than outside
during most of the time. This will result in lower conductive heat losses
(heating season) and higher conductive heat gains (summer) depending
on ambient temperatures and solar radiation levels.

2. The extra outside pane of glass of the double-skin fagade will effectively
reduce the amount of solar radiation on the inside fagade, thus reducing
the solar radiation load of the offices due to radiation transmission via
the windows.

Todorovic and Maric "% developed a model for the thermal performance of a
double skin fagade system for estimating the inter-space air temperature and the
associated cooling/heating load per hour. Calculations are made for specific double-
facade constructions designed for the climatic conditions of mid-latitude Europe (45°
North latitude). The used outdoor air temperatures and solar radiation are typical for
Belgrade. Results for each of the double facade cases are compared with those for a
traditional or single facade building, and found that the inter-space temperature directly
influences transmission heat gains/losses through the basic fagade.

Saelens et al have investigate the performance of double-skin facade by studying
and comparing conventional insulated fagade with the typologies of multiple-skin
facade such as airflow window, supply air window, and naturally ventilated window

under Belgian weather condition **/.
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2.7.3. Energy performances

As can be found in the literatures, double-skin fagade has a potential in reducing
cooling and heating energy consumption. Pappas have been investigating the energy
performance of double-skin fagade by analyzing the Museum of Contemporary Art in
Denver %, Stribling and Stigge studied the performance of double-skin facade by
reviewing the energy saving and cost payback issue of building at three different
climate area, London as mild climate, Las Vegas as dry sunny climate, and Canada as
cold climate . They simulate the three dimensional model building in TAS/EDSL
(Environmental Design Solutions Limited) and calculate the time based thermal loads
on a building based on its fabric, solar shading and historical weather data.

According to Poirazis in his double-skin facade literature review” %

, a complete
study of energy performance was presented by Saelens, Carmeliet and Hens in “Energy
Performance Assessment of Multiple Skin Fagades” in 2003. The authors focus on the
energy-saving objectives of three Multi Storey Fagade typologies used in a single office.
They focus on one storey high solutions, which are a conventional fagade with an
insulated glazing unit, a naturally ventilated double skin facade, a mechanically
ventilated airflow window, and a mechanically ventilated supply air window and found
that it is possible to improve the building’s energy efficiency in some way by using
multiple skin fagades. Unfortunately, most typologies are incapable of lowering both the
annual heating and cooling demand. Only by combining typologies or changing the
system settings according to the particular situation, a substantial overall improvement

over the traditional insulated glazing unit with exterior shading is possible. This implies

that sophisticated control mechanisms are inevitable to make multiple skin facades work
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efficiently throughout the year. In order to evaluate the energy efficiency, an annual
energy simulation focusing on both heating and cooling load is necessary.

Furthermore, they said that the analysis shows that the energy performance
strongly depends on the way the cavity air is used. In order to evaluate the energy
efficiency of multiple skin fagades correctly, it is imperative not only to study the
transmission gains and losses but also to take into account the enthalpy change of the

cavity air and to perform a whole building energy analysis.
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CHAPTER 3. NUMERICAL MODEL
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3.1. Numerical Model

This section discusses the model of double-skin facade as can be seen at Figure
3.1-1 below. The model consists of five storeys with single sheet glass as outer and
inner glasses. Between the outer and inner glass, there are horizontal blinds attached as
shading device. At the bottom of double-skin, there is a lower aperture for airflow inlet

as well as upper aperture on the top of double-skin for airflow outlet.
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Figure 3.1-1. Model of double-skin fagade
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The outer glass, the inner glass, the blinds, and the layer of air (which constitute
the double-skin facade) were divided into a finite number of segments height-wise. The
heat-transfer in each layer was taken into account for the heat balance of each segment.
Radiation, multiple reflections of solar radiation, and mutual radiation were considered.
For the glass, the incident angle of direct solar radiation and the transmittance,
reflectance, and absorptance ratios were taken into account. For the blinds, the variation
in the absorption rate and upward and downward transmissions are changed by the
profile angle of the blinds due to direct solar radiation, diffuse radiation, and ground

reflection. Figure 3.1-2 show the heat balance at each segment.
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Figure 3.1-2. Heat balance at each segments
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3.2. Calculation Flow

The numerical calculation flowchart can be found at Figure 3.2-1. The first step
of calculation flow is the input of design condition. In this step, the thickness of the
glass, emissivity, transmissivity and absorbsivity of the glass and blinds, the high and
width of the double-skin, the depth between the outer glass and blinds, the depth
between the blinds and inner glass, the inclination and azimuth angles related to the
position of the double-skin, the dimension and coefficient of the airflow rate of the
lower and upper apertures, and the ground reflectance were all taken into account.

The next step is the input of weather and operational condition of double-skin.
The weather components that inputted are outdoor temperature, global radiation, direct
solar radiation, diffuse solar radiation, including solar altitude and solar azimuth. The
inputs of operational conditions of double-skin are indoor setting temperature, air-
conditioning mode (0: no air-conditioning, 1: cooling mode, 2: heating mode), and
presence of shading device (0: no shading, 1: shading is used).

The simulation runs based on the design and operational parameters and the
input of weather conditions. Natural ventilation through the stack effect is applied, and
the temperature inside the double-skin facade was calculated according to the heat
balance equations. Both the temperature distribution and ventilation volume were
calculated until convergence, which is when a stationary solution condition is obtained
at each time.

The results of this numerical calculation model are the air temperature in double-
skin, the temperature of inner and outer glass, the temperature of shading device, the
amount of ventilation in double-skin, the heat gains of room/indoor, and the amount of

heat exhausted by ventilation can be obtained respectively.
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Figure 3.2-1. Numerical calculation flowchart

3.3. Heat-transfer coefficient

This sub-chapter describes the heat-transfer coefficient of double-skin facade,
which are the overall heat-transfer coefficient at the outer glass (4,), the radiative heat-
transfer coefficient from the outer glass (%), the convective heat-transfer coefficient

from the outer glass (h..o,), the radiative heat-transfer coefficient from the shading
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device (%, sq), the convective heat-transfer coefficient from the shading device (/4.sq), the
radiative heat-transfer coefficient from the inner glass (4.;), the convective heat-
transfer coefficient from the inner glass (4. ,), and the overall heat-transfer coefficient at

the inner glass (4,).

hc,og hc,sd

“Prog  Nrsd.

r,sd

Uz

hc,sd hc,ig
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, r,ig

L]

Lz

“h

Figure 3.3-1. Setting of the heat-transfer coefficient in ventilated double-skin

The heat-transfer coefficient at the outer glass 4, [W/m?-K] can be found in

below equation P®! B71;

h() :65X8+122 ...................................................................................... Eq 33_1

where h, [W/m?-K] is the overall heat-transfer coefficient at the outer glass and ¢ [-] is

the emissivity of the glass.
The radiative heat-transfer coefficient in double-skin facade can be calculated

using equation (3.3-2) below 7
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where A, is the radiative heat-transfer coefficient in [W/m?-K], & [-] is the emissivity of
the glass, and 4,; is the radiative heat-transfer coefficient at the black body surface in
[W/m?-K].

The convective heat-transfer coefficient s, [W/m”-K] takes into account the

wind speed v = 5 [m/s] at each high of segments (,) of double-skin. The convective

heat-transfer at the glass surface can be calculated using equation below ¢! 713811391 40]

and the convective heat-transfer at the surface of shading device is %! F71 B#1B91140]

hc =6.2+4.2><UZ ...................................................................................... Eq. 3.3-4

The heat-transfer coefficient between the inner glass to the indoor environment
is presented in the equation (3.3-5) below % B7]

hi e T T T - T S S O PP Eq. 3.3-5

where /; is the heat-transfer coefficient at the indoor glass, and ¢ [-] is the emissivity

of glass.

3.4. Solar Radiation Properties in Double-skin

The amount of total solar radiation received at the surface of double-skin [Ipg are
depend on direct normal radiation DN [W/m?], incident angle to the window surface i
[°], glass surface area ratio to the sunshine SG [-], sky horizontal radiation SH [W/m?],
tilt angle to the window surface y [°], global radiation TH [W/m’] , and ground

reflectance pg, [-] 371,

IDS,mm, = DN cosix SG + SH cos’ [%j +TH {1 —cos? (%ﬂ X Py e Eq. 3.4-1
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The amount of direct solar radiation absorbed at the outer glass [a_gg_ p 18

obtained from the amount of direct solar radiation I, [W/m?] multiplied by the

absorption rate of the outer glass ..., and can be written as follows *”

— Po\1= PP )+ TP,
Cogp =0t | 147 (1= Pubo) tuPen | Eq. 3.4-3

og.D oD (1 ~ Pog. 0P )(1 = PsaPig.p ) - pog,Dpszdpig,d

where a..,p absorption rate of direct solar radiation at the outer glass, Toed is the
transmittance rate of direct solar radiation at the outer glass, p_, is the reflectance rate

of the shading device, Pip is the reflectance rate of direct solar radiation at the inner

glass, 7, is the rate of direct solar radiation transmitted by the shading device, o, , is

the reflectance rate of direct solar radiation at the outer glass.

The amount of direct solar radiation absorbed in the shading device 7, .,

obtained from the amount of direct solar radiation / multiplied with the absorption rate

of the shading device @ sa.p as seen at the equation below 1*”!

where o ;4 p 1s obtained from

— 1= PuPiep +7ub,
sd,p = Tog,Dasd ( a/7ig.D A7eD e, Eq. 3.4-5

1- Pog.pPsa ) (1 = PsiPig.p ) - pog,DTszd Pig.p

where 7, , is the transmittance rate of direct solar radiation at the outer glass, and «_, is

the absorption rate of the shading device.
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The amount of direct solar radiation absorbed in the inner glass [a_l.g_ , takes into

account the absorption rate of direct solar radiation at the inner glass «;;,» multiplied

with the amount of direct solar radiation /, as can be seen in the equation below 1371
[a’ig,D =ig.p XID ...................................................................................... Eq. 3.4-6
where aig,D is obtained from
a a ! Eq. 3.4-7
8.0 = Toy T g s q. 3.4-
(1 - png,Dpvd )(1 - psdpig,D )(pog,Dz-sdpig,D )

where &, ,, is absorption rate of the inner glass.

The amount of direct solar radiation that is reflected by the double-skin 7, ), is

taken from the amount of reflection rate ,1_) p of direct solar radiation multiplied by the

direct solar radiation as can be seen in below equation *’}

[ref’D =p, X[D .......................................................................................... Eq. 3.4-8

where ; p was taken from

- 2 Psa (1 ~ PsaPig.p ) + Tszdpig,D
= > P W 2 v Ea. 3.4-9
pD pog,D +7 g,D (l—pog’D,OSd)(l—psdpigﬂD)—pog’fodpigﬂD q

The amount of direct solar radiation that is transmitted by double-skin 7,

ran,D 1S

equivalent to the amount of direct solar radiation /, multiplied by transmittance rate 7p

1371 as can be seen at the equation below

where Tpcan be obtained from
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1

1= Poe 0Psi ) (1= PutPren ) = P 0Tt P

Tp = z-og,Dz-sa'z-ig,D (
where 7, ;, is the transmission rate of direct solar radiation through the inner glass

3.5. Heat Balance at Double-skin Facade
The heat balance equation of double-skin facade takes into account the heat
balance at the outer glass, the heat balance at the shading device, the heat balance at the

layer of air, and the heat balance at the inner glass as can be seen at equations below

YL
F, U
I~
D JJ /
Solar "A a,0g L a,sd L
Radiation
aton 4 Radiation Radiation
hrog . hr,sdi hr,sd. hr,ig
90 “"___.........................; ~~~~~~~ e N o 9,'
i 8 M Oair  YOd % Oar Yyl
he,og, i c,sd fig, sd hc’g
Outer gldss Convection Convection “a lyran
Inner glass
Uz V5 g
Shading device
Figure 3.5-1. Outline of numerical calculation
a. Heat balance at the outer glass
( og Z og,,sd, Ydj-i_hcog(e _eair)zla,og ..........
- Hair

h(0,-06,)+h,
b. Heat balance at the air layer of the cavity of double-skin

hmg(eg 0,.,)+h”g(6? -0, )+2h”d(0

00,
palrcalrl)z =
zZ
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c. Heat balance at the shading device

10
2h, (60, -6, )+h,, (49 > G e -eog]

+hr sd ( Z G?d Jig, ig] = a,sd

n=1

d. Heat balance at the inner glass

g E ig Z sd, ig, gdj “g(é’ ﬁw)+h ((9 0) ................. Eq. 3.5-4

where, 4, is the heat-transfer at the outer glass and the outdoor [W/mz-K], Oog 1s the
temperature of the outer glass [°], 0, is the temperature of the outdoor [°], 4, e 1s the
radiative heat-transfer at the outer glass [W/m2°K], Gogsa 15 the absorption coefficient of
emission of outer glass and shading device[-], 0,4 is the temperature of the shading
device [°], Ao 1S the convective heat-transfer of the outer glass [W/m2°K], 0, 1 the
temperature of the air layer of double-skin [°], /, .. 1s the solar radiation absorbed at the
outer glass [W/mz], pair 18 the density of air in the cavity of double-skin [kg/m3], Cair 18
the heat specific of the air in the cavity of double-skin [j/m’*K], v. is the velocity of the
air in the cavity of double-skin [m/s], z is height if segment of double-skin [m], 4. is
the convective heat-transfer at the inner glass [W/m?<K], 0;¢ 1s the temperature of the
inner glass [°], A.sq 1s the convective heat-transfer at the shading device [W/m*K], Ay
is radiative heat-transfer at the shading device [W/mz'K], 1,54 1s radiation absorbed at
the shading device [W/m?], h,.ig 1s radiative heat-transfer at the inner glass [W/m®*K],
and /; is the heat-transfer at the inner glass and the indoor [W/m?*K], and 1,g 1S

radiation absorbed at the inner glass [W/m?], n is number of segments.
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3.6. Calculation of Standardized Solar Heat Gain on 3mm Standard Glass

This section describes the calculation of standardized solar heat gain (/g) on
3mm glass. The calculation takes into account the amount of direct solar radiation (/p),
the amount of diffuse solar radiation (/s), the amount of direct solar radiation on 3mm
standard glass (gp), and the amount of diffuse solar radiation on 3mm standard glass

(gs) as can be seen on equation below *7)

[G :(gD]D +gsls) .................................................................................... Eq. 3.6-1

The amount of direct solar radiation can be calculated based upon the amount of
direct solar radiation to the surface (/yp), diffuse horizontal radiation to the surface (/ys),
solar radiation area ratio SG, azimuth angle of the surface a, inclination angle of the
surface f, solar altitude /4, solar altitude as seen from surface /4 *, and solar azimuth 4 as

can be seen as follows

p=

SGI,, sin h* = SGI,, {sinhcosﬂ+coshsinﬁcos(A—a)} . 3.6.2
[sin 7% > 0] 0 [sin/*<0] _

Moreover, the calculation of the amount of diffuse solar radiation (/5) can be

calculated as follows

I = (1+C208/B) I+ (1_C208'B) Py (]OD sinh+10s) ................................. Eq. 3.6-3

where p,, is ground reflectance.
The amount of direct solar radiation on 3mm standard glass (gp) then can be

calculated as equation below
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g, =2.3920sin h*—3.8636sin’ 1 *+3.7568sin’ h*—1.3952sin’ h*---Eq. 3.6-4

where,
Slnh*=SlnhCOSﬂ+COShSln,BCOS(A—0!) ............................................... Eq 3.6-5
CoS h *sinA — CoShSin(A—CZ) .................................................................. Eq. 3.6-6
Cosh* cos A [ Sil’]h sin IB + COSh CcoS IBcos(A — a) .................................... Eq 3 6_7

3.7. Calculation of U-value and Shading Coefficient (SC)

There are two kinds of heat that could flow into the indoor through the window
surface of double-skin. The first is the heat flow by direct transmission of solar radiation
(lyran); and radiative (/) and convective (I.) flow of absorbed solar radiation at the
windows side double-skin pane. The second is the radiative (Q,) and convective (Q.)
heat flow due to the temperature difference between the outdoor and the indoor. Figure

3.7-1 show the heat flow through the window side pane of double-skin.
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Figure 3.7-1. Heat flow to the indoor

The amount of heat flow into the indoor (/;,) through double-skin fagade due to
the transmission of direct solar radiation through the inner glass (/,4,), and the radiative
(Z;) and convective (/.) radiation of the absorbed solar radiation can be seen from the
equation below

Iin:I

tran

+Ir+lc ............................................................................................. 3.7_1

The heat transferred into the indoor (Q;,) through the double-skin facade, which
is the radiative (Q,) and convective (Q.) heat-transfer as the temperature difference

between the outdoor and the indoor is as follows

Based on above description, the U-value of double-skin fagade can be calculated

as a ratio of the amount of heat flow into the indoor (Q;,) through the inner pane of
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double-skin fagade to the temperature differences between the outdoor and the indoor

(6,-0;), and can be written as equation below

U= (gQ—lg) ............................................................................................. Eq.3.7-3

Since the heat flow to the indoor (Q;,) is due to temperature difference between
the outdoor and the indoor are radiative (Q,) and convective (Q.) heat flow, the equation

then can be written as follows

Furthermore, the SC of double-skin can also be determined as the ratio of the
solar radiation reach the indoor (Z;,) through the inner glass of double-skin to the solar
radiation of the standard glass (/g) (clear glass 3mm thickness) and can be calculated as
follows

1
B Eq. 3.7-5

]G
where [ is taken from equation 3.6-1.
Then, from the equations 3.8-1 and 3.8-6, the SC equation can be written as

follows 4!

(]tran +I} +]c)

SC =
(gDID +gsls) ................................................................................. Eq.3.7-6

From numerical calculation, we can determine the value of Izx+Ic+Qr+Qc as
follows:

[r +I¢ +Qr +QL — hz(ezg _91) .................................................................... Eq 3.7-7

However, the heat-transfer by radiation (/. and /.) and the heat-transfer due to

the temperature differences between indoor and outdoor (O, and Q.) shall be separated
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by performing additional simulation, which based on the. The simulation flow-chart can
be seen at Figure 3.7-2.

In this simulation, the indoor and ambient temperature was the same and
assumed as 0 differences, and the airflow in the cavity of double-skin was determined,
which was taken from the previous simulation. By this additional simulation, the
temperature of the inner glass (0;,’) can be determined and the radiation heat-transfer
can be separated as follows:

I +1 = hi(gig L)) e Eq. 3.7-8

and,

0+0. = hi(gig _gig T) e Eq. 3.7-9
Then, the SC of double-skin can be calculated as follows:

Itran +hi (ezg '_91)
SC: .......................................................................... Eq 37_10
(gDID +gs]s)

From equation 3.7-4, the U-value can be calculated also as follows:

_ hi(eig _eig ')

U= (0 _0) ..................................................................................... Eq. 3.7-11
0o~ Yi
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Figure 3.7-2. Flow calculation of U-value and SC
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3.8. Validation of the Numerical Model

The numerical method was evaluated by the field measurement result conducted
at [zumi Media Building, Meiji University Tokyo ” P!, The measurement was done in
summer at 23 and 30 August with time interval between each measurement was 5
minutes. [tems measured are the air temperature in double-skin, the temperature of glass
surface, the room air temperature, the amount of solar radiation in double-skin, and the
wind speed in double-skin.

The result shows that in summer, where the ambient temperature is relatively
similar to the ambient temperature in Indonesia; the difference of both measured and
simulated mean temperature in double-skin fagade is 3°C. The difference between the
measured and simulated amount of ventilation in double-skin fagade is 1% in summer.
Although the result is not exactly the same, the difference is not high enough, and it can
be said that the numerical method can be used to predict the performance of double-skin

facade.
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CHAPTER 4. THERMAL PERFORMANCE OF DOUBLE-SKIN FACADE
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4.1. Climate Overview

4.1.1. Hot and Humid Climate

The hot and humid climate (tropical rainforest climate) is a subtype of tropical
climate denoted as Af in the K&ppen-Geiger climate classification system. This climate
is usually occurring within 5-10° latitude of equator. It characteristic is having two
seasons called dry and rainy season, high humidity level, and the temperature relatively

constant throughout the year. Figure show the climate classification in Asia continent.
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Figure 4.1-1. Asia Koppen-Geiger climate classification system !
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4.1.2. Climate Condition of Indonesia

Indonesia is splits by the equator; therefore, the climate condition is tropical.
There is slight daily variation in temperature, with the greatest variation at inland points
and at higher levels. At the coastal plain areas, the yearly average temperature is around
29°C. The inland and mountain areas averaging temperature is 26°C. At the higher

mountain regions, the averaging temperature is 16°C. The relative humidity is range

from 60% to 90% throughout the year.
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Figure 4.1-2. Map of Indonesia

There are only two seasons in Indonesia, the dry season and the rainy season.

The dry season is from May to September and the rainy season is from December to
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April. Between these seasons, there are seasonal transition periods, which are the
transition period between dry season to rainy season is from October to December, and
the transition period between rainy season to dry season is from April to May. Western
and northern parts of Indonesia experience the most precipitation, since the north- and
westward-moving monsoon clouds are heavy with moisture by the time they reach these
more distant regions. Western Sumatra, Jawa, Bali, the interiors of Kalimantan,
Sulawesi, and Papua are the most predictably damp regions of Indonesia, with rainfall

1391 Rainfall in lowland areas averages

measuring more than 2,000 millimeters per year
180-320 cm (70-125 in) annually, increasing with elevation to an average of 610 cm
(240 in) in some mountain areas. In the lowlands of Sumatra and Kalimantan, the
rainfall range is 305-370 cm (120-145 in); the amount diminishes southward, closer to
the northwest Australian desert *”). In addition, between September and December on
the transition period, Typhoon can hit the island and can cause the storm and heavy
rains.

Since Indonesia is a large area country, the weather condition could vary in
details among island/region. Therefore, it is necessary to specify the actual place of the
weather data used in this study. The actual place is in Sulawesi Island, the place is
called Makassar (see Figure 4.1-2). Makassar is formerly called Ujung Pandang, the
capital of South Sulawesi Province. It is located at 5°8' South Latitude and 119°25' East

Longitude, and about 1276.23 km distant from Jakarta (the capital of Indonesia) heading

east. The weather condition of Makassar can be seen on Figure 4.1-3.
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Figure 4.1-3. Weather condition of Makassar

4.2. The Cases

In order to define the performance of double-skin fagcade in Indonesia, some

cases have been chosen according to the thickness of the glasses, the distance between
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the outer and inner glasses, and the orientation of double-skin. The cases can be found

at Table 4.2-1 below.

Table 4.2-1. Simulation cases

o Glass thickness| Outer and o Glass thickness| Outer and
.2 inner glass |.S inner glass
s Outer | Inner | distance |3 Outer | Inner | distance
k> Cases glass | glass | (widthof |G Cases glass | glass | (width of
S [mm] | [mm] | double- |5 [mm] | [mm] | double-
skin) [cm] skin) [cm]
Case E1 10 6 80 Case W1 10 6 80
Case E2 10 8 80 Case W2 10 8 80
Case E3 10 10 80 Case W3 10 10 80
Case E4 10 12 80 Case W4 10 12 80
Case E5 12 12 80 Case W5 12 12 80
Case E6 10 6 100 Case W6 10 6 100
Case E7 10 8 100 Case W7 10 8 100
Case E8 10 10 100 Case W8 10 10 100
Case E9 10 12 100 Case W9 10 12 100
7 Case E10 | 12 12 100 7 |[Case W10 | 12 12 100
m | Case E11 10 6 150 = |Case W11 10 6 150
Case E12 10 8 150 Case W12 10 8 150
Case E13 10 10 150 Case E13 10 10 150
Case E14 10 12 150 Case E14 10 12 150
Case E15 12 12 150 Case E15 12 12 150
Case E16 10 6 200 Case W16 10 6 200
Case E17 10 8 200 Case E17 10 8 200
Case E18 10 10 200 Case E18 10 10 200
Case E19 10 12 200 Case E19 10 12 200
Case E20 12 12 200 Case E20 12 12 200
Case N1 10 6 80 Case S1 10 6 80
Case N2 10 8 80 Case S2 10 8 80
Case N3 10 10 80 Case S3 10 10 80
Case N4 10 12 80 Case S4 10 12 80
Case N5 12 12 80 Case S5 12 12 80
Case N6 10 6 100 Case S6 10 6 100
Case N7 10 8 100 Case S7 10 8 100
Case N8 10 10 100 Case S8 10 10 100
Case N9 10 12 100 Case S9 10 12 100
E|Case N10 | 12 12 100 |E|CaseS10 | 12 12 100
2 Case N11 10 6 150 3 |Case S11 10 6 150
Case N12 10 8 150 Case S12 10 8 150
Case N13 10 10 150 Case S13 10 10 150
Case N14 10 12 150 Case S14 10 12 150
Case N15 12 12 150 Case S15 12 12 150
Case N16 10 6 200 Case S16 10 6 200
Case N17 10 8 200 Case S17 10 8 200
Case N18 10 10 200 Case S18 10 10 200
Case N19 10 12 200 Case S19 10 12 200
Case N20 12 12 200 Case S20 12 12 200
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4.3. Design and Operational Condition

The design conditions of the double-skin, the operational scheme, and the
weather conditions were considered. The thickness of glasses, the emissivity and
transmissivity of the glasses, the absorbsivity of the blinds, the height and width of the
double-skin, the depth between the outer glass and the blinds, the depth between the
blinds and the inner glass, the inclination and azimuth angles related to the position of
the double-skin, the dimension and coefficient of the airflow rate of the lower and upper

apertures, and the ground reflectance were all taken into account (Table 4.3-1).

Table 4.3-1. Design and operational condition of the numerical model

Physical properties Value
Azimuth angle of North-facing double-skin [°] 0
Azimuth angle of East-facing double-skin [°] 90
Azimuth angle of South-facing double-skin [°] 180
Azimuth angle of West-facing double-skin [°] 270
Inclined angle of double-skin [°] 90

Thickness of outer glass (refer to Table 1)
Thickness of inner glass (refer to Table 1)
Distance between outer glass and blinds:

= for 200 cm width of double-skin [cm] 190
= for 150 cm width of double-skin [cm] 140
= for 100 cm width of double-skin [cm] 90
= for 80 cm width of double-skin [cm] 70
Distance between blinds and inner glass [cm] 10
Slat angle of blinds [°] 45
Solar transmittance rate of blinds [-] 0.1
Solar absorption rate of blinds [-] 0.5
Emissivity of blinds [-] 0.95
Emissivity of glass [-] 0.837
Flow coefficient of lower and upper apertures [-] 0.65
Area of lower and upper apertures [m°/m] 0.30
Ground reflectance [-] 0.14
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The weather conditions take into account the ambient temperature, relative
humidity, and solar radiation data. The data used is hourly data and was taken from the

Meteorological, Climatological and Geophysical Agency of Indonesia.
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Figure 4.3-1. Simulation flow chart

The simulation runs based on the design and operational parameters (see Table
4.3-1.) and the input weather conditions for working hours from 8:00 am until 5:00 pm.
The indoor temperature was set to 25 °C. Natural ventilation through the stack-effect
was applied, and the temperature inside the double-skin fagade was calculated according

to the heat balance equations (see equation 3.5-1~3.5.4). Both the temperature
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distribution and ventilation volume were calculated until convergence, which is when a
stationary solution condition is obtained at each calculation time. The simulation flow
chart can be found in Figure 4.3-1.

During the operational time of the double skin, the lower and upper apertures
were opened. When the solar radiation reaches the outer skin, the temperature in the
cavity will increase gradually. Opening the apertures allows fresh air from the outdoors
to be introduced into the cavity through the lower aperture. Then, the warm air inside

the double-skin fagade vented out through the upper aperture.

4.4. Comparing the Thermal Transmittance and the Solar Heat Gain

The amount of thermal transmittance is higher than solar heat gain for north-,
east-, south- and west-facing double-skin facade. From Figure 4.4-1 to Figure 4.4-4
represent the hourly thermal transmittance and solar heat gain of the case of 12mm outer

and inner glass skin combination at the distance of 100cm.
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Figure 4.4-1. Solar heat gain and thermal transmittance of north-facing double-skin
facade

62



During a year, north-facing double-skin facade has a higher value in thermal
transmittance and solar heat gain performance. The thermal transmittance is up to
115.72 Wh/m® in maximum and 48.55 Wh/m® in the average. The solar heat gain

maximum is 38.43 Wh/m?, and the average is 10.21 Wh/m®.
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Figure 4.4-2. Solar heat gain and thermal transmittance of east-facing double-skin
facade

For the east-facing double-skin fagade, hourly maximum of thermal
transmittance is 102.60 Wh/m® with 47.48 Wh/m® in the average. The hourly maximum
of solar heat gain is 37.26 Wh/m?, and the average is 10.12 Wh/m®.

South-facing double-skin fagade has the lowest thermal transmittance compared
to the other double-skin fagades orientation. The maximum thermal transmittance is
77.50 Wh/m?; and the solar heat gain is 19.27 Wh/m”. Average thermal transmittance is

43.30 Wh/m?, and the solar heat gain is 7.96 Wh/m®.
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Figure 4.4-3. Solar heat gain and thermal transmittance of south-facing double-skin
facade
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Figure 4.4-4. Solar heat gain and thermal transmittance of west-facing double-skin
facade
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The hourly thermal transmittance at west-facing double-skin is 109.51 Wh/m? in
maximum, and 47.17W/m? in average. Solar heat gain maximum is 36.99W/m?, and the
average is 9.93W/m”.

From the numerical simulation results, it is found that the hourly heat gain due
to thermal transmittance is higher than the solar heat gain for north-, east-, south-, and
west-facing double-skin facades. Figure 4.4-5 until Figure 4.4-8 show the hourly solar
heat gain and thermal transmittance of east-, south-, north-, and west-facing double-skin
facades, respectively. This phenomenon explains the benefit of double-skin fagades in
reducing the solar heat gain. Double-skin fagade components such as the outer glass,
shading device, and the inner glass, plays an important role in minimizing the effect of
solar radiation into the indoor environment. However, since the temperature difference
between the ambient temperature and the indoors is relatively high, including high
absorption at the outer glass, shading device, and inner glass, causes high conduction in
the double-skin.

Furthermore, the thickness of the glass plays an important role in the solar heat
gain performance of double-skin facades. As can be seen in Figure 4.4-5 until Figure
4.4-8, the solar heat gain of the double-skin fagade with 12mm thickness outer and inner
glass skins at any designated distance between, is substantially less than that of other
glass skin combinations. Otherwise, the lower glass thickness causes a higher solar heat

gain at any glass skin distance combination.
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Figure 4.4-5. Hourly solar heat gain and thermal transmittance of north-

skin facade
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Figure 4.4-7. Hourly solar heat gain and thermal transmittance of south-

skin facade
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In contrast, the distance between the outer and inner glass skins of the double-

skin fagade strongly influences the thermal transmittance. As can be seen in Figure
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4.4-5 until Figure 4.4-8, the double-skin cases with an 80 cm distance between the outer
and inner glass have a higher thermal transmittance indication. A substantial reduction
in thermal transmittance is achieved at a distance of 200 cm between the outer and inner
glass skins, while the solar heat gain at that distance is nearly constant. Therefore,
thermal transmittance appears to affect the load more strongly than the solar heat gain.
Furthermore, the thermal transmittance of a double-skin fagade is mostly influenced by
the distance between the outer and inner glass skin, while the solar heat gain is

influenced mainly by the thickness of the glass.

4.5. Thermal Transmittance and Solar Heat Gain of Double-skin Facade in Dry

Season

North-facing and west-facing double-skin has been chosen as a reference
orientation to examine the performance of thermal transmittance and solar heat gain of
double-skin facade during dry season. June 30 has selected as the reference date for

north-facing and September 22 for west facing double-skin facade.
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Figure 4.5-1. Solar heat gain at north-facing double-skin facade at June 30
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Figure 4.5-2. Thermal transmittance of north-facing double-skin facade at June 30

At June 30 (Figure 4.5-1), total radiation (/) received by the north-facing

double-skin facade is high and up to 343.96W/m’ at noon (12:00 o’clock).
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Approximately, 4.94% of radiation (/,,,) was transmitted into the room. Amount of
24.83% of radiation was reflected (/./), 37.16% was absorbed at the outer glass (Z,00),
30.51% was absorbed by shading device (/,54), and 2.56% was absorbed by inner glass
(Luig)-

At the same time (Figure 4.5-2), maximum outdoor temperature reach to 32.2°C,
and temperature inside double-skin was 34.9°C. With the air change rate 40.9 times per
hour, the thermal transmittance was reach to 58.68W/m”.

Figure 4.5-3 shows a detail of heat-transfer through double-skin. It can be seen
that temperature of outer glass (6,,), temperature of shading device (6,y) and
temperature of inner glass (6,,) was raised and higher at the top of double-skin. Lower
thermal transmittance was at 1% floor (segment 1 to segment 2) and higher thermal
transmittance was at 5™ floor (segment 9 to segment 10). The shading device and the

inner glass could reduce heat-transfer up to 3.02 W/m? in the average.

Indoor Temp. Temp. inner glass o
Temp. shading device Temp. outer glass I Thermal transmit. inner glass
Outdoor Temp. [l Thermal transmit. outer glass
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Figure 4.5-3. Heat transfer of north-facing double-skin fagade at 12:00 of June 30
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At September 22, when the sun position is near to the equator, as the
representative date of west-facing double-skin facade, total radiation (/) received by
west-facing double-skin fagade is higher in the afternoon at 14:00 o’clock
(540.45W/m?). Approximately 4.30% of radiation was transferred into the room (an).
About 24.82% of radiation were reflected (/,.y), 37.97% were absorbed by the outer
glass (1uog), 30.73% was absorbed by shading device (/.q), 2.17% of radiation was

absorbed by the inner glass (1,;¢) (see Figure 4.5-4).
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Figure 4.5-4. Solar heat gain of west-facing double-skin facade at September 22

Meanwhile, in this reference date (see Figure 4.5-5), outdoor temperature was
reach to 35.7°C higher than north-facing double-skin. The temperature inside double-
skin facade was reach to 38.6°C, higher than temperature outside, with the air change
rate was 47.9 times per hour, the amount of thermal transmittance through double-skin

at that time was 86.75W/m>.
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Figure 4.5-5. Thermal transmittance of west-facing double-skin fagade at September 22
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Figure 4.5-6. Heat transfer of west-facing double-skin fagcade 14:00 of September 22

As can be seen in Figure 4.5-6, temperature of the outer glass (6,,), temperature
of shading device (6,,) and temperature of inner glass (6;;) was raised and higher at the

top of double-skin (segment 10). However, with the utilization of shading device and
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the inner glass, the amount of heat transmitted into the room can be reduced up to

69.39W/m” in the average.

4.6. Thermal Transmittance and Solar Heat Gain of Double-skin Facade in Rainy

Season

South-facing double-skin fagade on December 30 and east-facing double-skin

facade on March 22 has been chosen as reference cases for the rainy season.
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Figure 4.6-1. Solar heat gain of south-facing double-skin fagade at December 30

At the south-facing double-skin facade, approximately 4.37% of radiation (/ya1)
was transmitted into the room. About 24.07% of radiation were reflected (/,./), 40.45%
were absorbed in the outer glass (1,04), 28.82% was absorbed in the shading device (/u),

and only 2.29% was absorbed in the inner glass (/) (see Figure 4.6-1). Outside
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temperature was reached 33.5°C, temperature inside double-skin was rising to 33.9°C,
and air change rate was 35.9 times per hour. The amount of heat transmitted into the

room was 59.32W/m’ (Figure 4.6-2).
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Figure 4.6-2. Thermal transmittance of south-facing double-skin facade at December 30
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Figure 4.6-3. Heat transfer of south-facing double-skin facade at 13:00 of December 30
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Figure 4.6-3 shows the heat transfer on south-facing double-skin facade at 13:00
of December 30. It is expectable that temperature inside the double-skin fagade will rise
to the top of double-skin. In this orientation, the amount of heat transmitted into the
room can be reduced to approximately 38.46% in the average.

The amount of solar heat gain received in the east-facing double-skin seems to
be higher at 12:00 of March 22. In this time, total radiation (/) was 301.55W/m>.
However, looks like double-skin fagade was working properly in this orientation. The
amount of radiation transmitted (/,,) into the room was 6.07%. The amount of solar
radiation reflected (Z,.r) was 27.4%. The amount of solar radiation absorbed in the outer
glass (lsg) wWas 31.09%. Solar radiation absorbed in the shading device (l,4) was

32.99%, and solar radiation absorbed in inner glass (/) was 2.44% (see Figure 4.6-4).
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Figure 4.6-4. Solar heat gain of east-facing double-skin fagade at March 22
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Figure 4.6-5. Thermal transmittance of east-facing double-skin fagade at March 22
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Figure 4.6-6. Heat transfer of east-facing double-skin fagade at 12:00 of March 22

At the same time, thermal transmittance was also raised to 60.46W/m’ as the
consequence of the rise of outdoor temperature that also makes the temperature inside

double-skin was raised (Figure 4.6-5). Temperature of outdoor was 32.2°C and
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temperature of inside double-skin was 34.96°C. The amount of air change rate was 47
time per hour.

In detail (Figure 4.6-6), the maximum heat transmitted in outer glass was
91.65W/m?, and in the inner glass was 67.44W/m®”. The amount of heat transmitted into
the room could be reduced up to 23.5W/m” in the average. Since the temperature inside
double-skin was raised from 1* floor to 5% floor, the amount of heat-transfer also raised
from segmentl to segment 10. Approximately 1 W/m” of heat was raised on each

segment.

4.7. Possibility of Condensation

Furthermore, it is important to analyze the possibility of condensation at the
outer surface of inner glass of double-skin since during the rainy season the humidity is
high. Calculation had been performed during operation time of building from 08:00 to
17:00 with indoor setup temperature was 25°C. The result found that there is no
possibility of condensation, which can be occurred during operation time.

Figure 4.7-1 and Figure 4.7-2 shows the condition of double-skin during the
rainy time on January 3. Temperature of the outer surface of the inner glass was nearly
the same with the outdoor temperature in the morning and afternoon. However, at that
time, temperature of the outer surface of inner glass of double-skin was not reached
saturated point, since there was approximately more than 1°C difference to dew point
temperature. Condensation occurs when the temperature of air is lowered to its dew
point. However, since simulation time was limited to the building operation time, and
also there is a tendency of the temperature of outer surface of inner glass to become

decrease during the time, there is a possibility of condensation to occur at night.
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Figure 4.7-1. Possibility of condensation at rainy season
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4.8. Comparison of Thermal Transmittance and Solar Heat Gain among Double-

skin and Single-skin Facades

To find out the effectiveness of a double-skin fagade in hot and humid climate,
the thermal transmittance and solar heat gain were compared with those of single-skin
and pair glass window system. The cases that were used to compare the double-skin
facade the single-skin and pair glass window system can be seen at section 4.2. The
models of the double-skin, single-skin, and pair glass facades and their orientations
were the same, except for the glass properties. The properties of the single-glass and
pair glass fagade that were used for the comparison are based on those commonly used
in buildings in Indonesia. Through this comparison, the benefits of a double-skin fagade
in reducing the heat gains can be identified.

The single-skin facades have the following properties:

a. Float glass with light-colored inner blinds (FL+BD) — the shading coefficient

is 0.55, and the overall heat-transfer coefficient is 4.8 [W/m2-K].

b. Double-glazed glass with 6 mm air layer, equipped with light-colored inner
blinds (ML+BD) — the shading coefficient is 0.54, and the overall heat-
transfer coefficient is 3.0 [W/m2-K].

c. Highly insulated double-glazed glass with 6 mm air layer, equipped with
light-colored inner blinds (HF+BD) — the shading coefficient is 0.34, and the
overall heat-transfer coefficient is 2.2 [W/m2 - K].

The result can be seen at Figure 4.8-1 until Figure 4.8-4. As seen in Figure 4.8-1

until Figure 4.8-4, double-skin fagades have higher thermal transmittance but lower in

solar heat gain in comparison with single-skin and pair glass facades. On the other hand,
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the single-skin fagades have higher solar heat gain but lower thermal transmittance.
Through this comparison, it can be stated clearly that the heat gain can be reduced by
more than 50% through the use of a double-skin facade instead of a single-skin facade.
In the case of single-skin facades, more than 80% of the heat gain is by solar radiation
and less than 20% is by thermal transmittance.

This was different from the heat gain values seen in the double-skin fagades. In
contrast, for the double-skin facades, approximately 80% of the solar heat gain due to
orientation was caused by thermal transmittance and about 20% was caused by the solar
heat gains. However, since there was a large reduction in the solar heat gain, the overall
heat gain of the double-skin facade was lower than that of the single-skin fagade. This
result indicates that the double-skin fagade is applicable and can be more beneficial in

reducing the fagade heat gain in the hot and humid areas such as Indonesia.
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Figure 4.8-1. Comparison of hourly thermal transmittance and solar heat gain among
north-facing double-skin and single-skin facades
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Figure 4.8-2. Comparison of hourly thermal transmittance and solar heat gain among
east-facing double-skin and single-skin facades
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Figure 4.8-3. Comparison of hourly thermal transmittance and solar heat gain among
south-facing double-skin and single-skin fagades
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Figure 4.8-4. Comparison of hourly thermal transmittance and solar heat gain among
west-facing double-skin and single-skin facades

In comparison among double-skin fagade cases, the same outer and inner glasses
combination has an equal heat gain value for the same outer and inner glasses distance.
For example, the heat gain value of the combination of 10mm thickness of outer glass
and 8mm thickness of inner glass for the 80cm distance between outer and inner glasses
has the same value with other of 10mm thickness of outer glass and 8mm thickness of
inner glass of the 100cm, 150cm, and 200cm glasses distances. The combination of
10mm thickness of outer glass and 6mm thickness of inner glass has the higher solar
heat gain, and the combination of 12mm thickness has the lower solar heat gain among
cases. It seems the higher glass thickness combination, the lower solar gain in double-
skin fagade.

Furthermore, among the double-skin facade cases, the thermal transmittance was
slightly decreased due to the wider distance and the higher thickness between the outer

and the inner glasses. The narrower distance and the smaller thickness of inner and
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outer glasses resulted higher thermal transmittance. As can be seen on the cases of
10mm thickness of outer glass and 6mm thickness of the inner glass with the distance of
80cm distance of glasses has the higher thermal transmittance. The lower thermal
transmittance among double-skin facade cases was found on the combination of 12mm
thickness of the outer and the inner glasses with the distance of 200cm between the

outer and the inner glass.

4.9. Effect of Solar Inclination Angle to the Solar Heat Gain of Double-skin Facade

Indonesia is located in the tropics and crossed by the equator. As the
consequence, the solar altitude could reach higher degree of incidence angle (see Figure
4-9.1). For example, the solar altitude at latitude 5° South will reach the higher position

at 88.7° on October 9 at 12:00 o’clock, and at 89.1° on March 8 at 12:00 o’clock.

Equidistant Projection

Location: -5.0°, 118.0°

« Solar position on March 8

BRE VSC: 14.4%
Overcast Sky: 11.4%

Uniform Siy: 15.4% - @ Solar position on October 9

Figure 4.9-1. Sun-pat diagram at 5° south latitude
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Figure 4.9-2. Variation of reflection, absorption and transmission of solar radiation by a
single glass according the incidence angles '

The angle of solar incidence affects to the amount of solar radiation reflected,
absorbed and transmitted by the glass into the indoor. When solar radiation falls on the
glass, some of solar radiation is reflected, some is absorbed by the glass, and some is
transmitted into the indoor. Consequently, the higher position of solar altitude is the
higher reflection and the lower transmission of solar radiation into the indoor (Figure

4.9-2).

GLAZING

INCIDENT
(100%)

TRANSMITTED
(86%)

REFLECTED
(8%)

ABSORBED
(6%)

Figure 4.9-3. Percentage of solar radiation reflected, absorbed, and transmitted on a
single-glass 12
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When solar incidence is perpendicular to the ordinary glass surface, the amount
of 8% of solar radiation is reflected, 6% is absorbed and 86% is transmitted by the
single glass ! as can be seen at Figure 4.9-3. In pair-glass (double-glass), the outer
glass could reflect 8%, and absorbs 6% of solar radiation. The inner glass could reflect

7%, and absorbs 5% of solar radiation. The rest of solar radiation is 74% transmitted

into the indoor (see Figure 4.9-4).
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Figure 4.9-4. Percentage of solar radiation reflected, absorbed, and transmitted on a
pair-glass %

The amount of reflectance, absorptance, and transmittance of solar radiation is
varying according to the altitude and incident angle of the sun. In double-skin fagade,
the amount of solar radiation reflected, absorbed, and transmitted are different to the
outer glass, shading device, and inner glass.

As can be seen at Figure 4.9-5 and Figure 4.9-8, variation of the reflectance of
solar radiation is gradually increase until the angle of incidence reach to more than 70°,

and increased rapidly to 100% as the solar incidence is raise when get near to 90°.
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While, variation of absorptance and transmittance is decrease tend to 0% when the solar

incidence is in high position.
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Figure 4.9-5. Variation of reflection, absorption and transmission of solar radiation on
the outer glass of a double-skin fagade at March 8 according the incidence angles
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Figure 4.9-6. Variation of reflection, absorption and transmission of solar radiation on
the shading device of a double-skin fagade at March 8 according the incidence angles
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Figure 4.9-7. Variation of reflection, absorption and transmission of solar radiation on

the inner glass of a double-skin facade at March 8 according the incidence angles
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Figure 4.9-8. Variation of reflection, absorption and transmission of solar radiation on

the outer glass of a double-skin facade at October 9 according the incidence angles
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Figure 4.9-9. Variation of reflection, absorption and transmission of solar radiation on
the shading device of a double-skin fagade at October 9 according the incidence angles
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Figure 4.9-10. Variation of reflection, absorption and transmission of solar radiation on

the inner glass of a double-skin facade at October 9 according the incidence angles
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Variation of reflectance, absorptance, and transmittance of solar radiation on the
shading device is slightly different with the outer glass. In the outer glass, large amount
of solar radiation is transmitted before the solar incidence reach to more than 70°. In
shading device, most of solar radiation is reflected and absorbed (see Figure 4.9-5,
Figure 4.9-6, Figure 4.9-8, and Figure 4.9-9). The amount of reflection, absorption, and
transmission of solar radiation on the inner glass is relatively low and reach 0% when

the solar incidence higher than 80° (refer to Figure 4.9-7 and Figure 4.9-10).
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Figure 4.9-11. Percentage of reflection, absorption, and transmission in relation to the
time and the angle of incidence of solar radiation on double-skin facade at March 8
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Figure 4.9-12. Percentage of reflection, absorption, and transmission in relation to
angle of incidence of solar radiation on double-skin fagade at October 9

The percentage of incident solar radiation reflected from the glass depends on

the property of the glass and the angle of incidence. As can be seen on Figure 4.9-11

and Figure 4.9-12, percentage of reflected of solar radiation is lowest when the solar

incidence at low degree of angle. At the higher degree of incidence angle of solar

radiation (87.8°), the solar radiation completely reflected by the outer glass of double-
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skin facade without absorbed and transmitted. Reflectance is important in term of solar
heat gain because it represent the net heat loss from the indoor.

In double-skin fagade, the shading device has the higher percentage of
absorption of solar radiation compared to the outer and the inner glasses. Absorbed
radiation warms the material (glass and blind) and transmits it by convection into the
indoor. The capacity of the material to absorb solar radiation depend on the distance of
the radiation has to travel in the material. The outer and the inner glasses have the
thinner layer than the shading device, therefore, the outer and the inner glass is less
absorption capability than the shading device. Moreover, the traveling distance of
radiation in the material also determined by the direction of incident radiation. When the
incident angle of radiation is higher, the absorption will increase as the result of distance
factor.

Transmission of solar radiation in the outer glass of double-skin is considered
higher than transmission in the shading device and the inner glass. The outer glass of
double-skin facade relatively transmits more than 60% of solar radiation into the
double-skin’s cavity. The transmittance of solar radiation will decrease gradually as the

solar incident angle increase.

4.10. Summary

The heat gain performance and the thermal transmittance of naturally ventilated
double-skin fagade models has been simulated, and the cases have been compared with
single-skin fagade for a hot and humid climate using the case study of Indonesia’s
climate. It was found that the thermal transmittance was higher than the solar heat gain

throughout the year. The double-skin fagade was also found to be effective in
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minimizing the heat gain by solar radiation compared with single-skin and pair glass
window system.

In comparison among double-skin fagade cases, selecting a suitable combination
of inner and outer glass skin thickness was useful for reducing the solar heat gain.
Although there was only slight difference in thermal transmittance could be achieved,
the distance between the outer and inner glass skins is an important factor for reducing
thermal transmittance in a double-skin fagade system.

Moreover, the double-skin fagade also exhibited the best performance at
reducing the solar heat gain when compared with a single-skin facade. More than 50%
of heat gain can be reduced when using a double-skin facade.

In addition, during the rainy season the humidity is increase. Calculation has
been performed during operation time of building from 08:00 to 17:00 with indoor setup
temperature was 25°C. The result found that there is no possibility of condensation,
which can occur during building operation time.

Moreover, reflectance, absorption, and transmission of solar radiation in double-
skin facade are varying based on the angle incidence of solar radiation. When the angle
of incidence is lower than 70°, the percentage and absorptance of the solar radiation
increased gradually, while the percentage of transmission decreased gradually. The
percentage of reflected solar radiation will increase rapidly and percentage of absorbed
and transmitted solar radiation will decrease rapidly when the solar incidence angle
higher than 70°.

In future work, it will be necessary to extend the simulation to take into account
several glass properties, including glass coatings, to determine the performance of

double-skin facades in reducing the heat gain.
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CHAPTER 5. ENERGY PERFORMANCE OF VENTILATED DOUBLE-SKIN

FACADE
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The result from previous simulation on five storey ventilated double-skin model
(18.5m height, Figure 3.1-1) with various glass combinations and skin distances on four
cardinal orientations confirmed the possibility of the application of double-skin facade
in Indonesia with advantages in reducing the solar heat gain and thermal transmittance.

Selecting a suitable combination of inner and outer glass thicknesses is useful
for reducing the solar heat gain, and the distance between the outer and inner glass is an
important factor for reducing the heat gain due to thermal transmittance in a double-skin
facade system. Moreover, double-skin facade also exhibited the best performance in
reducing solar heat gain when compared to a single-skin facade; more than 50% of heat
gain can be reduced. Furthermore, double-skin facade shows satisfactory performance
in reducing the external heat gain without condensation forming on the surface of the

inner glass during typical building operation hours, even during the rainy season.

5.1. Overview of the Building Model

The simulated building is located in Makassar — Indonesia. Main function of the
building is a rental office and consists of 23 storeys (see Figure 5.1-1). Lower ground
floor located in the basement and functioned as a parking lot. Ground floor has a
function as a main hall, several large-scale office units, and 1% level parking lot.
Mezzanine floor functioned as office area units and 2™ level parking lot, as same as 2nd
floor. From 3™ floor to 5™ floor utilized as office area units, including a parking lot at
3" floor, cafeteria at 4™ floor, and multifunction hall at 5™ floor. The 6 floor’s function
is office area units including roof deck on the back of building. Typical floor from 7™
floor to 19™ floor is used as rental office units. From 20™ floor to 23™ floor also

functioned as rental office units. Table 5.1-1 show the list of function and the floor area.
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Figure 5.1-1. Views of “Menara Bosowa”

Table 5.1-1. Floor function and area

Floor Function Area/floor
Lower ground Basement, parking 2832.8m’
Ground floor Main hall, large office, parking 2244.4m"
Mezzanine office area units, 2" level parking lot 1923.1m"
2nd Same with Mezzanine 2208.0m”
3.5t Office, parking, canteen, multifunction 2321.7m"
6" Office 2325.1m"
7"-9" Office 1050.0m"
10"-19™ Rental office 1050.0m”
20"-23" Office 681.8m”
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Based on the result of previous simulation, typical floor from 10" to 14™ floor
and from 15" floor to 19" floor was chosen to be simulated with ventilated double-skin
facade attached to the west and east side of the building fagade. Figure 5.1-2 show the
plan view of typical floor 10™ ~ 19™ and its zoning.

The typical floor consists of office area units as air-conditioned spaces. The
corridor, which is located between the office area units and the core, the core itself, and
the outdoor air-conditioning cabin, was considered as non air-conditioned spaces.

The model floor considered to consist of five air-conditioned zones, such as
North perimeter zone (NPZ), East perimeter zone (EPZ), South perimeter zone (SPZ),
West perimeter zone (WPZ), and Interior zone (IZ). Room temperature set condition for
those zones is 25°C. Corridor and the core area are considered as non air-conditioned

zones. The property of air-conditioned zones can be found on Table5.1-2.
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Figure 5.1-2. Plan view of typical floor 10™ ~ 19™ and its zoning
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Table 5.1-2. Zone properties

Zone Arga Volu3me Occupants
[m7] [m’] [person]

NPZ 104.9 388.2 16
EPZ 69.2 256.2 11
SPZ 120.6 446.2 19
WPZ 70.0 259.0 11

1Z 403.5 1492.8 61
Total | 768.2 2842.3 118

5.2. U-value and SC of Double-skin Facade

This section focuses to the calculation of U-value and SC of 12mm thickness of
outer and inner glass at the distance of 100cm. This combination of the thickness of the
outer and inner glass, and the distance between them is considered is the most effective
configuration among all cases that have been simulated in this research.

The calculation of U-value and SC is based upon the equation 3.7-11 and 3.7-12
as described in Section 3.7 of Chapter 3. From this part of calculation, a set of hourly
data of U-value and SC has been obtained for one-year duration. Therefore, there is a
necessity to define the regression equation in order to define the exact value among of
those set of U-value and SC data in relation to the standardized solar radiation (/g).

The least-square method was used to define the approximation formula of the U-
value and SC. In this approximation, the calculated U-value and SC in relation to the
standardized solar radiation (/) were fitted using the polynomial least-square method as

can be seen as follows



SC = lee +f ..................................................................... Eq. 5.2_2

From those equations (eq. 5.2-1 and 5.2-2) we can formulate the equation of the
U-value and SC as can be seen in equation below. The curve fitted polynomial least-

square can be seen at Figure 5.2-1 and Figure 5.2-2.

U =1.3151"""+0.940
SC =0.7321,""" +0,098

Finally, based on the equation above the U-value of designated double-skin

facade can be obtained by below equation

m

> (13151, +0.940) (6, 6,

Upm.ad= k=l =345 i Eq. 5.2-5
(Q;,k B ei,k )

M=

b
Il

1

and the equation and result for the SC is shown in equation below

m

(0.7321,,°°" +0.098) 1,
SC k=1 — 020 .............................. Eq 52_6

period =
2 1o

m
k=1
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5.3. Heat Load of Model Building

Heat load of building models was obtained by using MicroHASP/TES version
2.40. The cases are; 8mm single glass, 6mm pair glass, and double-skin facade model,
as described in Table 5.3-1, including their U-value and SC. The U-value and SC of
double-skin fagade were taken from equation 5.2-4 and 5.2-6 respectively, while 8mm
single glass and 6mm pair glass was taken from the Nippon Sheet Glass Catalogue

2006-2007. The wall properties can be found at Table 5.3-2.

Table 5.3-1. U-value and SC of window systems

. U-value SC
Window type [W/(m?K)] -]
8mm single glass 3.6 0.52
6mm pair glass 2.19 0.52
Double-skin fagade 3.45 0.20

Table 5.3-2. Wall properties

Wall type Material U-value

External wall (1) Aluminum, Insulation, Airspace 0.43W/(m*-K)
External wall (2) Bricks, plaster 1.33 W/(m*-K)
Partition Gypsum board, insulation 4.48 W/(m*-K)
Internal wall Concrete, plaster, marble 1.36 W/(m*-K)

Moreover, though the single glass and the pair glass would be more benefit if
accompanied with an external shading device such as louver or blind, this kind of cases
was excluded because there is a possibility of the external shading device to be crashed
by the strong wind (storm). The storm sometimes occurs when the season changes from
dry season to rainy season. Furthermore, the weather condition of Indonesia is humid,

especially in rainy season. Consequently, higher precipitation could cause the shading
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device vulnerable to rust. Therefore, external shading device or louver is not commonly
used in high-rise building in Indonesia. However, in the future works, external shading
device or louver will remain studied.

The room set temperature is 25°C, relative humidity is 50%, and fresh air
volume is 30m’/hour/person. All of these cases are considered to have the same indoor
thermal conditions, because the heat load calculations of each case were conducted
under the same set temperature and humidity. The room set condition was set based on
“The guidelines on energy saving for office building” published by Ministry of Energy
and Mineral Resources Republic of Indonesia “). However, their indoor surface
temperature might be slightly different due to the window configuration though it would
be small. This matter might be produced the different of the thermal indoor environment
of radiation; it should be studied in the future.

Moreover, internal heat gains indicated by the activity at the office such as
seated light work, and typing. Occupant density is 0.15 person/m” with sensible heat
and latent heat produced per occupant is 75Watts. Lighting heat gain is 10 W/m?, and
OA machine heat gain is 21 W/m>.

The occupant’s schedule is started from 8:00. From 12:00 - 13:00, it is assumed
that 50% of occupants have taking a rest for lunch, praying, and other activities outside
office, and use of the light and OA machine reduced to 70% of usage. Workday ends at
18:00. Saturday and Sunday is assumed no activities in the offices. Figure 5.3-1 and

Figure 5.3-2 shows the occupancy schedule, lighting and OA machines respectively.
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Figure 5.3-1. Occupants schedule on workdays
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Figure 5.3-2. Lights and OA machines schedule on workdays

As it can be seen on the Figure 5.3-3, air-conditioning system was scheduled to
be turned on 1 hour earlier than occupant’s schedule to provide pre-cooling session. By
this setting, it is expected that the room temperature will reach 25°C right-on at 08:00 as
the occupant’s schedule started. The air-conditioning system will be turned off as the

occupant’s schedule finished at 18:00.
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Figure 5.3-3. Air-conditioning operation schedule on workdays
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Figure 5.3-4. Peak load of perimeter zones

The simulation of heat load runs by using MicroHASP/TES for a one-year
period of duration. The simulation results in the room load and the fresh air load of
perimeter zones and interior zone. It was found that approximately more than 50% of
heat load of perimeter zones on a peak load time can be reduced by using double-skin
facade at west and east side of the building, refers to Figure 5.3-4. Peak load time for

east perimeter zone is on August 18 at 9 am, while west perimeter zone is on September
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28 at 4 pm. Note that those values presented on Figure 5.3-4 is a peak load value for one

floor.
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Figure 5.3-5. Cooling load comparison among window type

Refer to Figure 5.3-5, in comparison of room load of double-skin fagade to other
window systems, the amount of 19% of room load can be reduced if compared to 8mm
single-glass window system, and amount of 18% of room load can be reduced if
compared to the 6mm pair-glass window system. Totally, about 11% of total load is
reduced if compared to 8mm single-glass window system, and 10% of total load can be

reduced if compared to the 6mm pair glass window system.
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5.4. Simulation of the Energy Consumption

5.4.1. Design of air-conditioning system

Based on the heat load calculation result from MicroHASP/TES version 2.40,
we can design the air-conditioning system for building models. From Figure 5.3-5, we
can see that the heat load of 8mm single-glass window system is 1325.4kW. The heat
load of the 6mm pair-glass window system is 1307.6kW, and the heat load of double-
skin fagade is 1182.6kW respectively.

Heat load calculation using MicroHASP/TES results in the data of sensible and
latent heat of room load and fresh air load of zones. The peak load taken from
MicroHASP/TES calculation for the model building was issued on February 22 at 15:00.
The peak load of model building was determined from the amount of sensible and latent
heat of the zones at that date and time. For interior zone, the amount of 15% heat load
was added for the allocation of fan and ducting. Moreover, for the total amount of peak
load, there is 4% allocation for the heat from the pump. In the essence, the peak load of
the model building was the sum of sensible and latent heat load of zones, including
additional heat load by fans and ducts, and also pumps and pipes.

Table 5.4-1 shows configuration of the air-conditioning system for each case.
The air-conditioning system designed to use 2 units screw refrigerator, which has
703kW cooling capacity. Along with this, 2 open type cooling tower, 2 primary chilled
water pump, 4 secondary chilled water pump, and 2 cooling water pump also used. On
each floor (totally 10 floor), an air-handling unit with 72kW cooling capacity is installed
on each floor to supply cool air for interior zone. At north perimeter zone, the amount of

10 fan coil units with 1.54kW cooling capacity is installed on each floor. The amount of
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10 fan coil units with 4.63kW cooling capacity is also installed at south perimeter zone

on each floor.

Table 5.4-1. List of equipments used

8mm single glass

Type 6 : Double-skin fagade
mm pair glass
Screw Cooling capacity: 703kW. Power consumg)tion of main motor
R-1 | refrigerator | 129.0kW. Cold water: 2,016 L/min (7—12°C). Cooling water:
#1 2,386 L/min (32—37°C)
Screw Cooling capacity: 703kW Cooling capacity: 580kW
refrigerator | Power consumption of main Power consumption of main
R-2 #2 motor 129.0kW. Cold water: motor 103.2kW. Cold water:
2,016 L/min (7—12°C). 1,663 L/min (7—12°C).
Cooling water: 2,386 L/min Cooling water: 1,959 L/min
(32—37°C) (32—37°C)
CT-1 Cooling Open type. Cooling water 2,386 L/min (32—37 °C). Power
tower #1 consumption 5.5kW
Cooling Open type. Cooling water Open type. Cooling water
CT-2 | tower #2 2,386 L/min (32—37 °C). 1,959 L/min (32—37 °C).
Power consumption 5.5kW Power consumption 3.7kW
PDC- | Drmary, | 2,016 L/iminx120kPax7.5kW
umps #1
PDC- | prmary | 2,016 L/iminx120kPax7.5kW | 1,663 L/minx120kPax 5.5kW
umps #2
PC1- | Secondary | 1,010 L/minx280kPax 7.5kW. | 920 L/minx280kPax 7.5kW.
4 pump 4 units. 4 units.

PCC Cooling 2,386 /minx250kPax15.0kW | 2,386L/minx250kPax15.0kW
1o | water pump 2,386 minx250kPax15.0kW. | 1,959 /minx250kPax11.0kW.
2 units. 2 units.

Air Front area: 0.532 Air volume: 3,540m’/h. Air supply fan:
AHU handling 5,300m’/hx800Pax3.7kW. Number of rows: 8rows. Number of
unit tubes: 20 tubes. Cooling capacity: 72kW. Water flow rate: 205
L/min (7-12°C). 10 units (1 unit per floor).
gff“m A 15,300 L/minx230kPax 1.5kW. 10 units (1 unit per floor)
Fan coil unit | Air supply: 280m’/h. Cooling capacity: 1.54kW. Water flow
(NPZ) rate: 4.0 L/min (7-12°C). 100 units (10 units per floor)
Fan coil unit | Air supply: 840m’/h. Cooling capacity: 4.63kW. Water flow
(SPZ7) rate: 12.0 L/min (7-12°C). 100 units (10 units per floor)
Fan coil unit | Air supply: 840m’/h. Cooling | Air supply: 520m’/h. Cooling
FCU | (WPZ) capacity: 4.63kW. Water flow | capacity: 2.45kW. Water flow

rate: 12.0 L/min(7-12°C). 60
units (6 unit per floor)

rate: 7.0 L/min(7-12°C).60
units (6 unit per floor)

Fan coil unit
(EPZ)

Air supply: 840m’/h.
Cooling capacity: 4.63kW.
Water flow rate: 12.0 L/min
(7-12°C). 60 units (6 unit per

floor)

Air supply: 280m’/h  Cooling
capacity: 1.54kW.

Water flow rate: 4.0 L/min
(7-12°C). 60 units (6 unit per
floor)
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The same cooling capacity of the fan coil unit (4.63kW) is installed at west
perimeter zone and east perimeter zone with the amount of 6 fan coil units on each floor.
The layout of zoning of air handling unit and fan coil units can be found on Figure 5.4-1.
Moreover, the 6mm pair-glass window type also uses the same air-conditioning system

with the 8mm single-glass window type.
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Figure 5.4-1. Zoning of air handling unit and fan coil units

The air-conditioning system design for double-skin facade window type was
slightly different to both the 8mm single-glass window type and the 6mm pair glass
window type. Since the amount of air-conditioning loads of double-skin fagade was
lower than those two window systems, we found that there is a possibility to optimize
the system design for the double-skin fagade case by changing several system
components. Screw refrigerator (R-2) for the second unit was substituted to 580kW

cooling capacity, while the first unit (R-1) was still using as same type as used at §mm
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single-glass and 6mm pair glass type. Amount of 2 cooling tower, 2 primary chilled

water pumps, 2 cooling water pumps on each type, and 4 secondary pumps were used

respectively. Cooling capacity of fan coil units of west and east perimeter zone was also

changed to 2.45kW and 1.45kW respectively.

AHU

X X

FCU

PC-1~4

Figure 5.4-2. Air-conditioning system diagram
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Figure 5.4-3. Load characteristic of heat source
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5.4.2. Simulation condition

LCEM (Life Cycle Energy Management) Tool was used to simulate the energy
consumption of air-conditioning of building models.

Since the simulation was intended to evaluate the energy consumption of the
building model under Indonesia’s weather condition, the room load of interior zone and
perimeter zones, which resulted from MicroHASP/TES simulation, and the setting
temperature for indoor and humidity were inputted along with the outside dry-bulb
temperature and relative humidity air condition of Indonesia. Simulation runs for 1 year
duration for cooling session to obtain energy consumption from heat sources, cooling
towers, chilled water pumps, primary pumps, secondary pump, air handling unit supply
and return fan, and fan coil units.

Figure 5.4-4 shows the diagram of the skeleton of primary subsystem and as
well as Figure 5.4-5 shows the diagram of the skeleton of secondary subsystem. The
skeletons were built based on the equipments and the air-conditioning system diagram

on Figure 5.4-4 and Figure 5.4-5.

Header
Operation | Heat | | | | Secondary [ |
. source pump
signal
controller controller
. . . Cooling Screw .
Outside air | Cooling — s — Primary [ — Secondary [
. water pump refrigerator
condition tower #1 pump #1 pump
#1 #1
Outside air | Cooling [ (J)coollng — fS.creV\ic — Primary [
condition tower #2 wa e;zpump re rliezra or pump #2

Figure 5.4-4. Primary subsystem of LCEM
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W?St — .. 1 Fancoil [ — Room heat
perimet| [Water piping ) Room
unit load
er
East .
e:;et_Water ipin | Feneol Room | Room heat
P or PpIng unit load

Figure 5.4-5. Secondary subsystem of LCEM

5.5. Energy Performance of Ventilated Double-skin Facade

The energy consumption of the air-conditioning system for three window system
has been simulated using LCEM Tool. The result found that by adopting double-skin
facade with proper design of air-conditioning system, energy consumption of the air-
conditioning system could be reduced. Figure 5.5-1 shows the comparison of annual
energy consumptions of 8mm glass single skin fagade, 6mm pair glass, and double-skin

facade.
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Figure 5.5-1. Annual power consumption

It was confirmed through Figure 5.5-1 that annual total energy consumption of
the double-skin facade window system is 12% lower than other window systems (8mm
single-glass and 6mm pair glass window types). Some components that contribute to the
decreased energy consumption are; heat source (R-2), cooling tower (CT-2), chilled
water pump (PCC-2), primary pump (PDC-2), and fan coil unit (FCU).

By dividing the amount of cooling load with the total energy consumption of air
conditioning components, the system COP can be determined for all window types. The
system COP for both 8mm glass single-skin fagade and 6mm pair glass is 3.21, and
double-skin fagade window system is 3.32. The system COP can be improved by
installing double-skin facade obviously.

Compared to other window types, the heat source R-2 of double-skin facade
could reduce 31% of annual total energy consumption. About 38% of annual total

energy consumption of cooling tower can be saved by the cooling tower CT-2, and
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approximately 18% of annual total power consumption of the chilled water pump could
be saved by cooling pump PCC-2. Primary pump PDC-2 could save annual total energy
consumption about 50% and fan coil unit is about 21%. With the advantages of double-
skin facade, those equipments can be changed to lower capacity to meet optimal
operational requirements.

However, the energy consumption of heat source R-1 of double-skin fagade was
slightly higher than the heat source R-1 of other window types. The reason why energy
consumption of heat source R-1 of double-skin fagade higher is because there was a
different capacity between heat source R-1 and heat source R-2 of double-skin facade.
Because of the capacity of heat source R-2 is lower than the heat source R-1, the part
load ratio of heat source R-2 was increased. Consequently, by using a lower capacity of
heat source, the part load ratio will increase.

The energy consumption of single-glass looks like similar to pair glass. Unlike
those two window system, the energy consumption of double-skin fagade is low and
keep in lower level during year. shows monthly power consumption and cooling load
of the cases.

There is distinguishing difference between dry season (April-September) and
rainy (October-March) season. The highest direct solar radiation occurs around the dry
season while the highest diffuse solar radiation occurs at the rainy. Apparently, double-
skin facade is useful and effective in reducing energy consumption for both in rainy

season and in dry season, all months.
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Figure 5.5-2. Monthly power consumption

5.6. Summary

The energy consumption of double-skin fagade was presented in comparison to
the energy consumption of 8mm singles-glass and 6mm pair glass window. The double-
skin facade was assumed to be applied at the east and west facade of the model building
located in Makassar, Indonesia.

First, the U-value and the SC of double-skin fagade was calculated based on the
result from numerical simulation. The calculated U-value and SC of double-skin was
inputted to MicroHASP/TES along with, building parameter, weather condition, and
operational schedule to calculate heat load of the model building. The result from
MicroHASP/TES show that more than 50% of heat load of perimeter zones on a peak

load time can be reduced by using double-skin facade at west and east side of the
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building. In comparison of room load of double-skin fagade to other window systems,
the amount of 19% of room load can be reduced if compared to 8mm single-glass
window system, and amount of 18% of room load can be reduced if compared to the
6mm pair-glass window system. Totally, about 11% of total load is reduced if compared
to 8mm single-glass window system, and 10% of total load can be reduced if compared
to the 6mm pair glass window system. Based on the heat load resulted from
MicroHASP/TES, the air conditioning system was designed.

Second step is the calculation of energy consumption of the building model.
Calculation done by LCEM Tool using the sensible and latent heat load resulted from
MicroHASP/TES along with ambient temperature, humidity, and radiation data of
Makassar, Indonesia. The result from LCEM Tool shows that annual total energy
consumption of the double-skin facade window system is 12% lower than other window
systems (8mm single-glass and 6mm pair glass window types). The system
COP(Coefficient of Performance) for both 8mm glass single-skin fagade and 6mm pair
glass is 3.21, and double-skin fagade window system is 3.32. Compared to other
window types, the heat source R-2 of double-skin facade could reduce 31% of annual
total energy consumption. About 38% of annual total energy consumption of cooling
tower can be saved by the cooling tower CT-2, and approximately 18% of annual total
power consumption of the chilled water pump could be saved by cooling pump PCC-2.
Primary pump PDC-2 could save annual total energy consumption about 50% and fan
coil unit is about 21%. With the advantages of double-skin fagade, those equipments
can be changed to lower capacity to meet optimal operational requirements.
Consequently, double-skin facade is useful in reducing energy consumption of the air-

conditioning system under Indonesia’s weather condition.
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CHAPTER 6. CONCLUSION
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This research was studied the performance on naturally ventilated double-skin
facade in hot and humid climate with the case study of Indonesia. The study focused on
the solar heat gain and thermal transmittance of various configurations of the outer and
inner glasses combination as well as the distance between the outer and inner glasses as
the first stage of study. This step was also intended to find-out the applicability of the
naturally ventilated double-skin facade in the hot and humid climate region. The second
stage was to evaluate the energy-efficient performance of double-skin facade in the hot
and humid climate region.

The result of the first stage confirmed that naturally ventilated double-skin
facade could be applied in hot-and humid climate region. It was found also that
naturally ventilated double-skin fagade was effective in minimizing the heat gain
compared to the single-skin and pair glass window system. In comparison among
double-skin facade cases, selecting a suitable combination of inner and outer glass skin
thickness was useful in reducing the solar heat gain. Although there are slight
differences in thermal transmittance could be achieved, the distance between the outer
and inner glass skins is an important factor in reducing thermal transmittance on a
double-skin facade system. Hence, the double-skin facade also exhibited the best
performance at reducing the solar heat gain when compared to a single-skin facade, and
more than 50% of the heat gain can be reduced by using a double-skin fagade.

In addition, during the rainy season the humidity is high. Calculation was
performed during operation time of building from 08:00 to 17:00 with indoor setup
temperature was 25°C. The result found that there were no possibilities of

condensations, which can be occurred during operation time.
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Moreover, reflectance, absorption, and transmission of solar radiation in double-
skin facade are varying based on the angle incidence of solar radiation. When the angle
incidence is lower than 70°, the percentage and absorptance of the solar radiation
increased gradually, while the percentage of transmission of solar radiation decreased
gradually. The percentage of reflected solar radiation will increase rapidly and
percentage of absorbed and transmitted solar radiation will decrease rapidly when the
solar incidence angle higher than 70°.

In the second stage, the energy-efficient performance of double-skin fagade that
was simulated using LCEM-Tool, was compared to the 8mm single glass facade and
6mm pair glass facade. Through this simulation, the energy efficient of double-skin
facade was confirmed effective in reducing energy consumption of the air-conditioning
in building. The annual total energy consumption of the double-skin fagade window
system was 12% lower than other window systems (8mm single-glass and 6mm pair
glass window types). Moreover, the system COP for both 8mm glass single-skin fagade
and 6mm pair glass was 3.21, and double-skin facade window system is 3.32. System
COP of the air-conditioning system also improved when double-skin fagade is installed.

If compared to other window types, the heat source R-2 of double-skin fagade
could reduce 31% of annual total energy consumption. About 38% of annual total
energy consumption of cooling tower can be saved by the cooling tower CT-2, and
approximately 18% of annual total power consumption of the chilled water pump could
be saved by cooling pump PCC-2. Primary pump PDC-2 could save annual total energy
consumption about 50% and fan coil unit is about 21%. With the advantages of double-

skin facade, those equipments can be changed to lower capacity to meet optimal
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operational requirements. Consequently, double-skin facade is useful in reducing energy
consumption of the air-conditioning system under Indonesia’s weather condition.

In the future work, it will be necessary to extend the simulation to take into
account several glass properties, including glass coatings, to determine the performance

of double-skin fagades in hot and humid climate.
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