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Abstract: A total of 40% of the world’s energy produced is utilized to maintain thermal comfort for the
occupants of the building. Governments are taking measures collectively to regulate energy efficient
buildings to reduce carbon emissions globally. Windows account for more than half of total energy
losses in the buildings. The employment of energy efficient glazing in the construction industry is
not common in Australia. This paper investigates several types of commercially available windows
and their effectiveness in the hot and humid climate of Darwin. Although extensive literature is
available for cold regions, these windows have not been studied in hot and humid climates such
as the climate in Darwin. Building cooling loads of an academic building were calculated using
Autodesk Revit Architecture and Carrier HAP. Double glazed variants offered approximately a 5%
reduction in cooling loads and had a payback period of nearly 7 to 9 years, depending on the type of
gas used to fill the pane cavity. The results indicate that triple glazed, or aerogel-based windows will
provide about 11–12 % of energy saving in cooling loads. These can be a viable alternative and have
a payback period of 11 years, while their average service life expectancy is 30 years. It was found that
the feasibility of efficient glazing depends on market price, building usage, and energy efficiency of
an overall building envelope.

Keywords: cooling loads; Darwin; energy efficiency; solar heat gains; U−value; Autodesk Revit
Architecture; Carrier HAP

1. Introduction

With the increase in the population, more buildings have been constructed, leading
to a rise in cooling/heating loads. It is estimated that nearly 90% of a human’s life is
spent in an indoor environment. To achieve a level of thermal comfort, each building has
its own thermal load based on specific parameters. The electricity is the primary power
source that maintains this thermal comfort by the continuous extraction or supply of heat
in the conditioned space. The construction industry produces hundreds of new buildings
every day, which in turn, are raising energy demands exponentially. Lu and Lai found that
almost one-third of all the energy generated is consumed by buildings [1]. Pérez-Lombard
et. al. and Alghoul et. al. found a range from 20% to 40%, with higher consumptions in
developed countries [2,3]. For example, buildings consume 40% of energy and cause 36%
of greenhouse gas emissions in Europe [4].
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This significant energy consumption due to achieve thermal comfort has attracted
the attention of governments. In particular, the energy crisis in the 1970s that triggered
an increase in the cost of oil and energy proved to be the first milestone towards energy
conservation considerations [5]. A reduction in energy consumption and a shift towards
clean energy is one of two of important strategies to achieve environmental and health
goals [6]. The reduction in cooling/heating loads can help to achieve these goals.

1.1. Energy Regulating Standards and Systems

Governments worldwide are legislating on the construction industry to support and
standardize energy efficient buildings through regulating bodies to reduce their carbon
footprint with strict time deadlines. The European Union (EU) is taking measures to
enhance the energy efficiency of buildings and to reduce the carbon footprint and has
set targets under the Climate and Energy Package (CEP), but many leading countries,
including Germany, Austria, and France have been shown to be less serious; there is a less
than a 1% probability of achieving the set targets in these countries [7].

Australia is bound to introduce new policies that should help to limit the annual global
climate change below 2 ◦C compared to pre-industrial levels according to the Paris Agree-
ment from 2016. The National Australian Built Environment Rating System (NABERS) is
a nationwide rating system that assesses buildings based on their environmental perfor-
mances such as energy efficiency, waste production, and water consumption. NABERS
compares a building with other energy-efficient buildings located in similar climatic regions
and then issues the energy efficiency rating for that building. The rating ranges from one
to six stars, with number six indicating the highest level of energy performance while
one indicates the lowest energy efficient performance [8]. In the same way, the National
House Energy Rating Scheme (NatHERS) is a government institution that rates residential
buildings on a scale of one to ten based on their heating and cooling requirements [9]. The
Windows Energy Rating Scheme (WERS) is responsible for providing the energy rating
to windows while following the Australian Fenestration and Rating Council (AFRC). The
energy ratings provided by WERS are the third party certified to AFRC requirements and
are in perfect accordance with the National Construction Code [10].

1.2. Thermal Comfort in Buildings

Thermal comfort can be defined according to the ANSI/ASHRAE standard 55 as
“the peace of mind with the prevalent thermal conditions in a conditioned space” [11].
The air temperature, relative humidity, clothing, metabolic activity rate, mean radiant
temperature, and air velocity are considered as the main factors that define thermal comfort.
The enormous amount of energy is consumed by buildings to deliver thermal comfort in
buildings [12]. Thermal comfort is viewed as the value of the parameters mentioned above,
where at least 80% of the occupants show satisfaction with the environmental conditions
inside the conditioned space. Air movement provides better control over thermal comfort
even when the temperatures are out of the thermal comfort range.

1.3. Active vs. Passive Methods

Both the active and passive methods can be opted to achieve thermal comfort in
buildings. Active processes utilize power or are directly involved in some manner that
helps to generate heat in a heating-dominated environment and enables the extraction
of heat in a cooling-dominated climate, whereas the passive methods include measures
that are not directly involved in the generation of heat or cooling, but the implementation
of these methods helps to reduce thermal loads. Due to their effectiveness, these have
attracted significant attraction and are considered in our research study.

Some of the common passive methods include indirect evaporative cooling, venti-
lation, night flushing, radiative cooling, and earth coupling, etc. Passive techniques for
building construction have proven to be highly cost-effective solutions that save time
and money. Some primary passive techniques include window type changes, cool paint
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technology, shading systems, phase change materials (PCMs), and thermal mass insulation,
etc. The advancements in metallurgical science have introduced smart materials that ex-
hibit exceptional insulation properties and can help to achieve zero or near zero-energy
consumptions for thermal comfort [13].

An additional advantage of the passive methods is that these methods never cause
adverse thermal comfort levels; instead, they just help to maintain the desirable comfort
conditions with no or minimal energy requirements. A survey-based study found that
almost half of the occupants in a building were not satisfied with the prevalent thermal
conditions [14]. It has been found that the facilities are excessively heated or cooled to
the other extreme of thermal comfort. This makes most people feel uncomfortable and
increases the energy usage or thermal load [15]. It has been observed that providing some
relaxation in the set point temperature in either the hot or cold direction can help to save
energy by 10% per degree Celsius [16]. Higher the relaxation means more energy saving.

Tropical climates mainly have cooling requirements, which are required almost through-
out the year. The Building Code of Australia (BCA) has introduced measures that can help
improve a building’s energy efficiency. This includes developing a building rating system
designed by the National House Energy Rating Scheme. In Australia, the minimum 5-star
energy requirements were introduced in 2005 and they were later improved to a minimum
6-star energy rating in 2011 and were implemented in the greater Melbourne area.

Since most of the research has been conducted for hot, arid, and cold regions, this
study focuses on the energy conservation in tropical climate areas. Therefore, the study is
primarily concerned with cooling loads only. The primary focus is on present construction
practices and the glazing types that are analyzed are market available glazing types only.
The research focuses on the practical considerations when choosing glazing in terms of
thermal performance and costs involved.

The approach consists of computer-based model simulations and considers various
retrofits to analyze the effects on cooling loads. Climate considerations and building
dimensions and orientation are also considered along with the glazing characteristics while
calculating the cooling loads. The economic feasibilities of glazing options are performed
using payback period calculations.

1.4. Research Objectives

The study covers the performance of commercially available windows in a hot and
humid climate such as Darwin. Many methods including adding a film, coating, or a
shutter have been developed to improve the thermal resistance of window units. The
energy performance of commercially available glazing is analyzed under the local climate
conditions. A variety of glazing types are available with a diverse number of panes,
differently filled gaps, and gases in the market.

The objective of this research is to analyze the efficiencies of commercially available
windows by systematically evaluating the performance of various glass types, filled insulat-
ing gases, number of glazing, and spacing between the glazing. The economic perspectives
of energy efficient buildings have been ignored in hot climates so far [17,18]. The analysis
focuses on the economic efficiency of assorted options and identifies more effective and
economically efficient combinations of glazing parameters. The analysis also covers the
impacts of local climate and building enclosures considering the glazing characteristics
using heat transfer coefficients and solar heat gain coefficients.

The paper focuses on the construction practices in Darwin that are dominated by
single glazed 6 mm windows in most buildings. This engineering practice has persisted in
the absence of costly but energy efficient glazing types available in the market. The problem
involves several aspects, including the typical climate conditions, market availability, and
costs involved. The research provides a solution to this applied interdisciplinary engi-
neering issue by covering construction practices, heating ventilation and air-conditioning
(HVAC) requirements, and engineering economics.
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2. Thermal Loads

Compared to other building components, the insulating properties of windows are
quite weak [19]. These properties include the leakage points from which the internal
heating/cooling of the building is lost. However, the thermal performance of a window is
subjected to local climatic conditions, the thermal properties of the building envelope, and
the thermal properties of the windows itself that are based on the components and manu-
facturing of the windows. The following sections provide a clear overview of these factors.

2.1. Climate and Building Enclosure Considerations

The energy loading requirement of a building is primarily driven by the local weather
conditions which are defined by the temperature, humidity, and sun exposure. A building’s
enclosure defines how a much a building is equipped to handle the weather severity. A
building’s orientation, dimensions, construction material, and window-to-wall ratio (WWR)
are the main aspects of the building enclosure that control the thermal performance of a
building. The following sections provide a further explanation of these factors.

2.1.1. Weather Conditions

The insulating properties of windows become important in extreme weather condi-
tions. Maintaining thermal comfort in a building demands more energy if the building
does not demonstrate good insulating behavior.

2.1.2. Sun Path and Seasonal Arcs

The sun path refers to the seasonal path of the sun over the building. It is commonly
also known as the day arc or seasonal arc. The arc formed by the sun’s movement over the
building is entirely dependent on the latitude location of the building. This is a critical factor
in determining the overall energy performance of the building. The radiation entering
the building changes the demand for heating and cooling, and that is why it needs to be
rectified depending on the time of the year. Some areas receive more radiation in the winter
than in the summer and vice versa. This location-dependent variable helps determine
the ideal location for windows and facade structures that receive minimal radiation in
the summer and maximum radiation in the winter. This helps to reduce cooling loads in
summer as well as to reduce the heating requirements in winter. Figure 1 shows how the
sun’s angle impacts the shadows and radiation at contrasting times of the year.
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2.1.3. A Building’s Orientation

A building’s orientation plays a vital role in energy requirements [20]. A properly
oriented building can save a significant amount of thermal energy. The orientation helps
to expose the windows to sun to ensure a selective filter for thermal gain according to the
season of the year [21].
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2.1.4. A Building’s Material and Dimensions

The thermal properties of a building envelope depend on the thermal performance of
the construction material as well as on the internal dimensions of the rooms. The use of an
energy efficient material can save the thermal loads, whereas different ceiling heights, buffer
zones, and the floor level play a critical role in determining the thermal load requirements.

2.1.5. Window to Wall Ratio (WWR)

The window to wall ratio (WWR) plays a vital role in improving the building’s design
in terms of energy requirements. It has been observed that the higher the percentage, the
higher the value of the cooling loads [18,22–24].

2.2. Heat Transfer Parametrs

While designing the window, the most emphasized parameters are the U−value, the
solar eat gain coefficient (SHGC), visible transmittance (VT), and air leakage. These values
vary over a wide range and are entirely dependent on the type of window. However, the
most common desire is to install a widow with low values of SHGC and U−value. It
should also have an acceptable level of visible transmittance (VT).

For the analysis presented here, the air leakage magnitude is negligible. However, the
following need to be considered when substantial amounts of air leakage are present in the
window structure:

• U−value;
• Solar heat gain coefficient (SHGC);
• Air infiltration/leakage.

2.2.1. Heat Transfer Coefficients (U−Value)

The U−value helps to evaluate the thermal insulation performance of windows [25].
This parameter is calculated/estimated through numerical modeling [26] until recently
when ISO 19467 developed the guidelines to measure the parameters through an experi-
mental setup [27]. The U−value of a window is affected by glazing as well as the frame
conduction properties [28,29]. The lower the mean U−value, the better the insulation
performance of a window.

2.2.2. Solar Heat Gain Coefficient (SHGC)

The solar heat Gain Coefficient (SHGC) measures the capability of a windows to let
solar radiation pass through the windows. According to ISO 15099:2003, SHGC can be
defined as the “total solar energy transmittance” that can be defined as the ratio of solar
heat gained over the incident solar heat [30]. A glass is characterized by its Solar Heat Gain
Coefficient (SHGC) value, ranging from 0 to 1. The lower the value of SHGC, the greater
the glass’s effectiveness in blocking excess heat from entering the building [31]. A lower
value is desirable in hot climates, like the area under study, to increase the blocking of solar
heat [27].

Visible transmittance (VT) is another property of window glazing which only focuses
on the transmittance of the visible light spectrum and is used for the visual performance
of the windows. Solar shadings (SC) have been used in the past for the same purpose as
SHGC for buildings, filtering out excess radiation, and providing extra leverage to reduce
cooling loads in a facility [32,33]. However, for our study, SHGC values were used for
the analysis.

Another property associated with visible transmittance is the daylight factor. Daylight
factor is a measure that expresses the potential illuminance inside a room in the worst
possible scenario, under overcast sky conditions when there is less exterior daylight [34].
Smart windows adjust transmittance when required in daylight. This results in color
rendering. Aste et al. [35] found that advanced smart glazing produces color rendition
especially when these are brought to low transmittance rate.
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2.2.3. Air Leakage

Although air leakage can change the thermal performance of window, reducing the air
leakage to virtually zero can be achieved practically in most window installations. Even if
any negligible magnitude is there, the air leakage is commonly ruled out from the analysis.
That is why no air leakage was assumed for analysis.

The U−value and SHGC are main parameters that control the thermal performance
of a window. The U−value is characterized by the difference of room temperature and
the ambient temperature in both the summer and winter seasons, whereas SHGC plays a
significant role in the summer and depends on solar radiations that incident directly on the
windows [36]. That is why role of SHGC is significant in the tropical climate of Darwin.

2.3. Glazing Components

Where windows help in using the daylight to reduce additional lighting requirements
inside a building, they also increase the solar heat gain [37]. It is estimated that almost
60% of the heat transfer occurs through glass structures in a building [6,25,38]. To enhance
the visual comfort of a building, the windows exhibit a lower insulating performance
compared to other components [5]. Windows involve all three modes of heat transfer,
i.e., conduction, convection, and radiation. The U−value of windows considers all three
methods, representing an overall heat transfer coefficient of the window. Figure 2 shows
how all three modes take place through a window. Conduction takes place through the
glass panes and the window frame. Convection is present in between the glass layers or on
top of glass pane, while radiation occurs through every element of the window.
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The physical parameters of window components determine the thermal response of
a window [39]. Any modifications in the design of the window modify one or more of
these heat transfer modes and this is turn affects the overall U−value of the window, e.g.,
adding an extra glass layer reduces heat transfer by conduction and a drop is observed in
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the overall U−value of the window. Bitaab et. Al. [40] found that increasing the air gap
from 12 to 21 mm results in a 5.1% less energy loss through the window. Similar advantages
are associated with glass thickness, the number of layers, and the insulation material used
in the cavity between the glass layers. The following glazing types/variations are common:

• Glass thickness;
• Numbers of layers;
• Interspace gap;
• Filled gas/airspace insulation medium.

3. Methodology

Based on above-mentioned literature, a systematic methodology was developed to
analyze the thermal performance of locally available commercial glazing types as shown in
Figure 3.
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3.1. Climate and Building Enclosure

The research focused on Darwin, which is the capital city of the Northern Territory.
The city is in a tropical climate. The Menzies building in Charles Darwin University was
selected for the analysis due to the fact it has curtain walls on three sides with a large
window to wall ratio (WWR).

Darwin has two distinct dry and wet seasons in a year. The dry season starts in April
and lasts till September, while the wet season starts in late November and ends around
April, depending on the monsoon rainfall pattern. During the wet season, an immense
increase in temperature and humidity is observed, making the climate unbearable and
increasing the demand for air-conditioning to maintain thermal comfort. The dry season
also demands cooling loads with lower requirements at nighttime due to the cooling effects
of air currents. These areas are also known as cooling-dominated areas when referring to
their thermal load requirements.

3.1.1. Building Enclosure

The selected building is in Casuarina, Darwin. This building is a research and develop-
ment office building dedicated to medicinal research. Most of the rooms serve the purpose
of offices and involve sedentary activities. The structure comprises two floors, the ground
floor and the first floor. The information of the building is tabulated below in Table 1.

Table 1. Description of Building Parameters.

Building Parameters

Building type Office
Area (m2) 2996 m2

Volume (m3) 7360 m3

Ceiling height 3 m
Location Darwin, Australia
Latitude −12.46◦

Longitude 130.84◦

Exterior glazing area 655 m2

The Revit Architecture mode was used to develop a 3D model of the study building.
The building materials were selected from the pre-built materials available within the Revit
families. Figure 4 shows the 3D view of the selected building, the ground floor plan, and
the first floor. The curtain wall is visible, which was the focus of our analysis.
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The heat transfer coefficients of some primary building components are shown in
Table 2.

Table 2. U−values of different building components used in the study building.

Parameter U−Value (W/m2K)

Roofs 1.275
Exterior walls 0.813
Interior walls 1.473

Floors 2.959
Doors 2.194

Interior windows 3.690

3.1.2. Climate

Darwin’s climate is a tropical climate as described by the climate classification of
overall Australia completed by the Bureau of Meteorology, Australia [41] (for further
visualization, a map is provided in Appendix A).

The maximum mean temperature in this region lies between 30 to 34 ◦C, with the
highest temperature observed in November and the lowest observed in July. The minimum
mean temperatures are 19 to 25 ◦C with similar trends as maximum temperatures. Further
details related to the data at the daily level for 10 years can be seen in Figure 5. Darwin re-
ceives an annual average rainfall of around 1700 mm, with the most precipitation occurring
between December and March [42].

Sun paths were introduced in our model. The winter solstice occurs on 22 December
and the sun is at 54.1◦ altitude. The summer solstice occurs on 21 June when the sun
achieves a 79◦ altitude. It was observed that the existing building’s orientation and façade
performed well considering the sun paths. A huge portion of fenestration is located on
almost the northern and southern sides of the building. As a result, the amount of radiation
received in the summer is almost diminutive, whereas, the radiation received in the winter
season, the dry season, ensure an improved energy efficiency of the building.

3.2. Selection of Glazing

Most of the buildings in Australia have single glazed windows. However, many
energy efficient windows are now commercially available. A retrofitting of old windows
can improve the energy efficiency of the buildings. Based on a market survey, a diverse
selection of the exterior windows was chosen to compare their effect on the cooling loads.
The number of layers, thickness, spacing between the layers, and insulating noble gas or
air in cavity are the elements that enhance the thermal performance of windows. The use
of noble gases not only enhances the insulating properties of windows, but it also reduces
the deterioration of the panels [43]. Table 3 shows the window elements considered for the
purposes of the analysis:

Table 3. Selection of windows based on different combinations of elements.

Layers Spacing Filling

1 6 Air
2 13 Argon
3 Krypton

A single glazed window consisting of a single glass panel and a 6 mm thicknesses
was taken as the baseline/control case. Different versions of double-glazed windows were
chosen with various air space thicknesses and three types of gases to fill the air space. Two
types of aerogel double glazing were also considered, along with one triple glazed window
with krypton used as the filling gas between panes. The glazing used for analysis purposes
is shown Figure 6 along with the detailed specifications and transfer parameters.
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3.3. Energy Load Calculations

The cooling loads were calculated using SHGC and U−values. For the calculation
of energy loads for selected glazing types, the parameters for the windows were changed
while the U−values of other building components remained the same. As mentioned, the
basic load calculations were carried out for the 6 mm glass and were considered as the
baseline/control value. Any reduction in the cooling loads was compared against this
value to evaluate the effectiveness of the glazing options.

Two software tools were used to complete the task. Carrier HAP was used to calculate
the cooling loads based for various glazing types. However, the extensive data input
required for this tool was calculated using the Autodesk Revit Architecture software tool.
Since Revit did not have all the types of windows chosen for the study purpose, another
software, the “Hourly Analysis Program” (HAP), which uses the U−value, was additionally
used to carry out the load calculations. This software utilizes the ASHRAE 90.1 standards to
predict the heating and cooling loads of the buildings. The standards cover the requirements
of SHGC for a range of window-to-wall ratio for different regions [28]. This software can
also calculate energy consumption and compare the energy costs for design alternatives.
This is used extensively in both domestic and commercial sectors for modern designs and
to check the effectiveness of the retrofits for the older buildings to improve their energy
efficiency. A few assumptions were considered to facilitate smooth calculations (for further
details, refer to Appendix A). The U−values were taken out after Mempouo [44], Carrier
HAP (based on ASHRAE 90.1 standards), experts’ opinion, and from the literature review
for the modeling purpose.

4. Results and Discussions

As the building under study was an office building, the energy loads were expected
during office hours only. The study site was assumed to utilize the air conditioning systems
for an average of 9 h daily, 5 days a week and 50 weeks in a year including holidays. Thus
2250 h of working air conditioning was used for calculation purposes. The peak cooling
load occurs in December for the study building, while the least load is observed in June.
The annual energy consumption by the cooling coil on a monthly average in a year as
well as the hourly for a day in December is shown in Figure 7. It can be observed that the
demand rose around mid-day by a considerable amount and remained same till the end of
office hours.

If the sensible heat ratio (SHR) (the ratio of sensible heat load to the total cooling
load) is analyzed, it obvious that approximately 80–85% of the heat was extracted from the
building to reduce the temperature, while the remaining heat was utilized to remove the
moisture content from the conditioned space. The psychometric variation can be seen in
Figure 8 for December.

The variation in sensible heat for the day can be seen in Figure 9 for Zone-1 (the
ground floor) in (A), and Zone-2 (the first-floor plan) in (B). The demand for a sensible load
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exhibited an increasing trend with the temperature increase during the operational hours
in a day. After office hours, the need considerably reduced since the building is not in use.
The variation in sensible heat for the ground floor was less than that of the first floor as
the first floor has a larger area directly exposed to the sunlight from the roof. In addition,
less radiation reached the ground floor as nearby buildings caused some shadows on the
ground floor walls.
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Figure 8. Psychometric variation for a typical day in December modelled using Carrier HAP for the
control case.

Cooling load analyses were repeated for all glazing types. A reasonable reduction
in cooling load, ranging from 20 to 50 kW, was observed depending on the window type.
Additionally, the difference in cooling loading was observed form the sensible cooling,
while the latent cooling values remained approximately the same in all cases.

During the model calibration, it was observed that the roof, floor, and external walls
were the dominant elements of the building in terms of the contact area and the insulating
efficiency of the building and played more dominant roles compared to the windows.
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4.1. Cooling Loads Analysis

The cooling loads were calculated for ten types of windows, out of which six were
commercially available variants of double glazed, two were aerogel filled, one was triple
glazed, and one was single glazed and was used as the baseline. Figure 10 shows the
graph indicating variation in cooling loads when the simulations were performed using
the different air gaps, glazing, and cavity-filled gas types.

While comparing double glazing to baseline, a reasonable energy saving in terms of a
cooling load reductions was observed. The energy savings ranged between 20−22 kW (5%)
approximately depending on the type of gas used to fill the cavity between the panes. The
change of gas affected the overall U−value of the window. For example, an approximate
reduction of 0.25 W/m2 K in U−value occurred when the filling gas was replaced from air
to argon as well as from argon to krypton.

It was observed that the U−values were not reduced significantly when the cavity
spacing was increased to 13 mm. The reduction in the cooling load was within the range
of 1 kW compared to 6 mm air space. Moreover, the volume of the window (thickness)
increased considerably. It can be concluded from the above deduction that the change in air
space width did not have a considerable effect on the overall performance of the window,
regardless of the gas used to fill the air space. Moreover, adding an extra gap require an
additional quantity of gas, which means additional manufacturing costs.

Figure 10 shows the graph indicating the net energy savings that are achieved by
increasing the spacing between the panels for different gas filling options. The mean value
of energy savings was only 0.5 kW, which indicates that increasing the air gap between
glass panes does not increase the insulating efficiency effectively.

4.2. Economic Feasibility Analysis

The total glazing area at the exterior faces of the building was 655 m2. The total average
costs of each glazing type were calculated accordingly, whereas the cost of electricity
was charged by the energy consumption in kilowatt-hour (kWh). The number units of
electricity saved by reducing the cooling loads per annum for different glazing options
were calculated. The calculated savings in the cooling load were then used to find out
the total cost of electricity. The average price of electricity for the commercial sector in
Australia is 0.3 AUD/kWh [45]. This value was then compared against the costs of the
systems separately, and the payback period was estimated accordingly.

The single glazing was the cheapest in terms of price. It is the most widely used type
in Australia (almost 85% of all windows) because of its easy, fast, and affordable installation
supported with easy construction and a modest maintenance cost [46]. The double-glazed
versions have high-cost differences due to the expensive setup of gas filling in the air space
between glass panels. The price for single glazed is 359 USD/m2, whereas the price of air
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filled doubled glazed starts from 481 USD/m2 (34%) and reach a maximum to 756 USD/m2

for two are aerogel filled and one triple glazed type (111%). The cost difference between
the single glazed and other types is significant.

Sustainability 2022, 14, x FOR PEER REVIEW 15 of 20 
 

4.1. Cooling Loads Analysis 
The cooling loads were calculated for ten types of windows, out of which six were 

commercially available variants of double glazed, two were aerogel filled, one was triple 
glazed, and one was single glazed and was used as the baseline. Figure 10 shows the graph 
indicating variation in cooling loads when the simulations were performed using the dif-
ferent air gaps, glazing, and cavity-filled gas types. 

While comparing double glazing to baseline, a reasonable energy saving in terms of 
a cooling load reductions was observed. The energy savings ranged between 20−22 kW 
(5%) approximately depending on the type of gas used to fill the cavity between the panes. 
The change of gas affected the overall U−value of the window. For example, an approxi-
mate reduction of 0.25 W/m2 K in U−value occurred when the filling gas was replaced 
from air to argon as well as from argon to krypton. 

It was observed that the U−values were not reduced significantly when the cavity 
spacing was increased to 13 mm. The reduction in the cooling load was within the range 
of 1 kW compared to 6 mm air space. Moreover, the volume of the window (thickness) 
increased considerably. It can be concluded from the above deduction that the change in 
air space width did not have a considerable effect on the overall performance of the win-
dow, regardless of the gas used to fill the air space. Moreover, adding an extra gap require 
an additional quantity of gas, which means additional manufacturing costs. 

Figure 10 shows the graph indicating the net energy savings that are achieved by 
increasing the spacing between the panels for different gas filling options. The mean value 
of energy savings was only 0.5 kW, which indicates that increasing the air gap between 
glass panes does not increase the insulating efficiency effectively. 

 
Figure 10. A comparison of double glazing with the baseline for SHGC, U-values, and cooling 
loads. 

4.2. Economic Feasibility Analysis 
The total glazing area at the exterior faces of the building was 655 m2. The total aver-

age costs of each glazing type were calculated accordingly, whereas the cost of electricity 

Figure 10. A comparison of double glazing with the baseline for SHGC, U-values, and cooling loads.

It was observed that the approximate payback period for double glazed windows
was 8, 9, and 11 years for air, argon, and krypton filled variants, respectively (refer to
Figure 11). These periods remain approximately the same regardless of the air space size,
i.e., 6 mm and 13 mm. When comparing the aerogel variants and triple glazed windows,
it was observed that their average payback period was approximately the same (within
11–12 years).
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5. Conclusions and Recommendations

The triple glazed window filled with krypton provided the highest energy saving.
Based on the results, the study building demonstrated up to 12% of energy saving by
changing the window type from single to triple glazed glass. A similar performance was
observed in double glazed with air, argon, and krypton fillings. Therefore, it is reasonable
to conclude that if air is used instead of krypton, the amount of energy savings will be
worth promising. It will also help in reducing the payback period as krypton variants
are expensive.

The economic feasibility of glazing depends on usage type of the building and building
service life. Buildings that are used for a longer duration in a day and have longer service
lives should be energy efficient and must use high efficiency window glazing. In addition,
the window to wall ratio is important if the remaining building components have excellent
insulating properties. The feasibility depends on the electricity price as well. Australia
is moving towards renewable energy that might be slightly more expensive than the
conventional energy sources. It can be concluded that the use of more efficient windows
glazing can be feasible in near future. Based on the calibration process of this case study,
it can be concluded that the insulating performance of a building enclosure plays a key
role and glazing becomes feasible when the overall building is efficient. In an inefficient
building, the efficiency of the windows does not play any significant role.

The common type of glazing is single glazing in Australia and efficient types of
windows are not easily available in Darwin. If efficient glazing is made more common in
practice, the market price can be lowered further due to bulk production and the payback
period can be reduced significantly. Potential investors can be urged to invest in these
projects to help in their mass production and to ensure cheaper availability to increase their
demand, thus helping to conserve the environment and reduce the market price of the
efficient windows.

Analyzing the effect of different shading types and the overall impact on the perfor-
mance of the building can be performed. Further research on material development may
result in a reduction in the U−value, which will help to reduce the cooling loads.
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Appendix A

Figure A1 describes the climate classification of overall Australia that shows that the
Darwin climate is a tropical climate.
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Figure A1. Australian climate classification showing the northern region of the Northern Territory as
tropical [41].

Assumptions

There are certain assumptions that define the limits/generalization of the research
carried out:

• Uniform material properties were considered, so the overall heat transfer value re-
mained the same throughout the materials;

• The U−value of windows remained the same irrespective of the orientation of the glass;
• Perfect seals were assumed with no room for air particles or water entering the window

gaps between glass panes;
• The heat transfer through the window panels was considered negligible in comparison

to glass;
• The heat gain by electrical or other components was neglected;
• The occupancy of the building remains the same for all study scenarios.
• The whole building was considered to be a two-zone based on the floors as our main

target was to analyze the external heat gain.
• The solar panels installed on the roof of the building were neglected.
• The building was assumed to have a VAV duct system for air conditioning.
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