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Abstract

In recent times, the buildings sector has emerged as a major consumer of energy in urban
areas. Among various contributors, windows in the external envelope of buildings are
particularly responsible for a significant portion of energy consumption due to their high
thermal conductivity. The integration of smart films with traditional glazing has been explored
as a means to modify the opt properties of windows. However, this integration can affect the
visual connection between occupants and the outside views. This thesis focuses on advancing
smart windows to enhance their thermal and daylight performance, with two main
developments proposed.

The first development involves the use of double-glazed ventilated windows in cold climate
regions. These windows utilise waste air from the building for ventilation. However, existing
research indicates that under certain conditions, the waste air may be insufficient to maintain
proper ventilation. To address this, the thesis proposes validated procedures that optimise
the utilisation of waste air, enabling sustained ventilation for longer periods. This optimisation
contributes to improved thermal efficiency of ventilated windows and energy savings in
buildings. Experimental results obtained from a small-scale test room demonstrate that
implementing the proposed optimisation process can achieve energy savings of up to 83%
compared to conventional double-glazed windows.

The second development focuses on integrating a double-glazed window with a polymer
dispersed liquid crystal (PDLC) film for hot climate regions. Previous research overlooked the
impact of reduced optical transmission on the window's visual clarity. This thesis introduces
an image-processing quantification algorithm for evaluating the visual experience through
PDLC windows. The algorithm identifies the comfortable visible range and determines the
lowest acceptable transparency level to maintain satisfactory visual communication with the
outdoor environment. Experimental results from a small-scale test room indicate that
implementing the proposed quantification process enables the provision of a customized
range of visual quality based on user preferences. The system also ensures that the operating
visibility does not fall below a pre-defined threshold level. The trial illustrates that altering the
PVR ratio from 0 to 1 has the potential to alter the mean contrast value in a clear sky setting,
shifting it from 0.18 to 0.37. Additionally, in order to ensure a minimum acceptable vision
guality, the proposed algorithm ensures that the optical transmittance of the window remains
above a specified threshold value (C;;,). Moreover, the experiment indicates that an increase
in the PVR ratio of the PDLC window from 0 to 1 leads to a rise in the solar heat gain coefficient
(SHGC) from 0.42 to 0.623. Furthermore, elevating the PVR ratio of the PDLC window from 0
to 1 allows more light to enter the interior environment of the test room, showing an increase
of 73% to 85% compared to traditional double-glazed windows.

Furthermore, the thesis proposes four different methods for implementing the vision
quantification process, including MATLAB, system on-chip (SoC) systems, Cortex-A9
microcontrollers, and field-programmable gate array (FPGA) chips. Each method employs
unique hardware and software configurations. Overall, the implementation methods exhibit
a diverse range of image-processing capabilities. The systems are evaluated based on
standard parameters for automated systems, including latency, throughput, number of clock
cycles, power consumption, and cost. Experimental results demonstrate that the FPGA
system delivers the most effective performance, with a latency of 9.14 seconds.



The contrast estimation latency for the ARM Cortex-A9 microcontroller was 8.36 seconds,
while for MATLAB realizations, it was 2.98 seconds. This indicates a comparable performance
between both systems. However, there is a noticeable uptick in power dissipation and clock
cycle consumption. The most efficient system, featuring a latency of only 0.228 seconds and
minimal power dissipation, employs an ARM Cyclone-V FPGA chip. This FPGA system
successfully achieved the proposed quantification process with a minimal repetition time of
T, = 9.14 seconds.
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Chapter 1: Introduction



1.1 Background to the study

A number of research studies have highlighted the growing significance of the buildings sector
worldwide, leading to a substantial increase in energy consumption. As per the United
Nations Environment Programme's status report, the buildings sector accounts for 30% of
global energy consumption and was responsible for 28% of carbon emissions in 2018 [1].
Furthermore, the trend of increasing energy consumption in the buildings sector continues to
persist, as the global status report in 2022 revealed a 4% increase in energy demand for
buildings during 2021 as compared to 2020 [2]. In the United States, the US Energy
Information Administration has reported that commercial buildings consume 35% of
electrical generation [3]. Recent studies have also indicated that the buildings sector

contributes to 40% of carbon emissions across the world [4], [5].

Extensive research has been conducted on the energy systems of buildings to counteract the
adverse effects of CO2 emissions. The Net-Zero Energy Buildings (NZEB) system is a promising
approach that allows buildings to generate electricity independently without relying on
external energy supplies. The European Economic Community (EEC) was the first organization
to set targets for the adoption of NZEB in European Union countries, with the aim of
promoting the use of various renewable energy sources in buildings. The implementation of
NZEB system is expected to enhance the energy efficiency of buildings and reduce reliance on

fossil fuels [6].

The thermal performance of buildings can be negatively affected by heat loss through the
building envelope, which includes external walls and windows. Windows, in particular, have
a higher rate of heat transfer due to their high U-value for glazing, making them the primary
source of energy loss in buildings [16]. To address this issue and reduce energy consumption
and carbon emissions associated with heating and cooling, recent research has focused on
developing methods to improve the thermal conductivity of glazing. The primary goal of these
efforts is to optimize the thermal performance of windows in order to minimize energy loss.
Numerous techniques have been proposed and studied for their effectiveness in improving

the thermal conductivity of glazing.

When selecting an optimal technique for improving the thermal performance of windows, it

is important to consider the climate conditions of the building's location. In regions with cold



climates, the use of ventilated windows has been found to be an effective method for
enhancing the thermal performance of glass. Several studies have utilised ventilated windows
to increase the temperature of the glazing surface, thereby reducing the temperature
difference between the indoor environment and the glazing surface. As a result, the flow of
heat from inside to outside through the glass is reduced. In cold regions, the technique
involves injecting warm air from the internal environment of buildings into the panes of
ventilated windows. The warm air circulates within the window before being exhausted into
the outside environment. This approach helps to minimize heat loss through the window,

reducing the heating load of buildings and lowering energy consumption [79]—[83].

To maintain a comfortable indoor environment, it is important to periodically replace the
indoor air with fresh outdoor air. This can be achieved by compensating for the exhausted
indoor air with outside air and using a heating source to warm up the compensated air to
maintain the desired temperature. However, this process requires additional energy to
operate the heating system during window ventilation operation and cannot be expected to
save energy. Despite this, buildings are typically designed to change their internal air
periodically to maintain a healthy environment for occupants. Air change is achieved through
forced ventilation, which utilises specialized mechanical fans to measure the number of air
changes per hour. For example, if a building has a 1.2 air change per hour, the indoor air will
be changed 1.2 times within one hour [96]. Each time the air is changed, the exhausted air is
released outside and fresh air is introduced into the building. Another way to ventilate a room
is by using warm air to ventilate windows. This method involves warming up the glazing panes
with warm air before exhausting it to the outside environment. Although this process
consumes energy to warm up the compensated air, it balances the need for refreshing the
indoor environment, thereby enhancing the efficiency of energy consumption. In summary,
maintaining a comfortable indoor environment requires periodic replacement of indoor air
with fresh outside air. While using a heating system during window ventilation operation can
increase energy consumption, forced ventilation is necessary to maintain a healthy indoor
environment. Additionally, using warm air to ventilate windows provides a trade-off between

the need for ventilation and energy consumption, thereby enhancing energy efficiency.

Recently, there have been various designs of ventilated windows introduced to optimize

thermal insulation and reduce energy consumption. However, these windows may face



certain challenges. The efficiency of the window's thermal insulation is largely dependent on
the quality of the available warm air. The warmer the air, the closer the temperature of the
glazing will be to that of the room, resulting in better insulation. When the temperatures of
the room and the glazing are the same, the window is fully insulated, and no heat is lost
through it. Additionally, if the temperature of the glazing is higher than that of the room, the
window will act as a source of heat. However, the temperature of the warm air depends on
the source of the exhausted air from the building. For example, wasted air from kitchens tends

to be hotter than other sources [90].

The thermal efficiency of glazing can be increased by increasing the airflow around it, which
enhances the thermal convection between the glazing and the air, thereby lowering its
thermal conductivity [90]. However, this higher airflow is dependent on the availability of
wasted air in the building. Buildings that have a high rate of air change per hour have a greater
amount of wasted air flow. The size of a window is an essential factor in determining its
thermal efficiency since larger windows lead to greater heat transfer towards the external
environment. For instance, buildings with a high window to wall (WWR) ratio have a larger
area of glazing. Nonetheless, increasing the size of a window requires more warm air from
the building to maintain a consistent temperature for the glazing. To determine the size of a
ventilated window, the window to wall ratio, the number of panes, and the width of the gap
between the panes must be considered. An additional challenge associated with the
operation of ventilated windows is the impurity of wasted air. For instance, warm, fumy air
from kitchens can cause a foggy appearance through the window. Therefore, ventilation
systems should be fitted with specialized filters to purify the air, which makes the system

more complex and expensive to operate.

In regions with warm climates, air conditioning systems are essential for cooling buildings.
Various techniques are employed to improve the thermal efficiency of windows. In addition
to high temperatures, buildings are also affected by the greenhouse effect, which causes the
temperature inside to rise significantly. Traditional glazing has a high level of transparency,
which allows a significant amount of daylight to enter the building. In facade buildings, which
have a larger window to wall ratio, more heat is stored inside due to the increased amount of
daylight. This requires additional energy consumption from air conditioning systems to

maintain a comfortable indoor temperature.



Window shading is a highly effective technique that can help reduce the energy required to
cool a building. It involves limiting the amount of daylight that enters indoor environments by
decreasing the transparency of the glazing. There are many different methods that can be
used to shade windows, including using curtains to partially block sunlight and reduce the
greenhouse effect, as well as affixing slabs or small boards externally at the angle of sunlight
to block it. These slabs can be adjusted throughout the day using special controllers that track
the sun's position. While these shading methods can play a significant role in decreasing
cooling loads, they do have a potential downside. The use of opaque objects to shade the
window may result in a poor visual connection with external views for occupants. This is
because, from the occupants' perspective, the primary function of windows is to enable them
to interact with the outdoor environment [48]. Therefore, any shading technique used should
not hinder this essential function. It is essential to strike a balance between effective window
shading and the need for adequate natural light and unobstructed views for building
occupants. This can be achieved through the use of innovative shading technologies that
allow for the control of the amount of sunlight that enters the building while still providing
access to views of the outside world. Such technologies include dynamic shading systems that
adjust the level of shading based on the amount of sunlight entering the room, as well as
electrochromic glass that can be tinted on demand to provide shading when needed. In
conclusion, while window shading is an effective energy-saving technique, it is crucial to
consider the needs of building occupants and ensure that any shading method used does not
interfere with their ability to interact with the outdoor environment. The use of advanced
shading technologies can help achieve this balance, allowing for efficient energy use while

still providing adequate natural light and unobstructed views.

Another method for window shading is the permanent attachment of a thin film with a
specific level of transparency to the glazing [9]. This modification results in minimal
improvement to the thermal resistance of the glazing, and the heat transfer coefficient or U-
value remains nearly the same. However, the primary advantage of this modification is that
it improves the solar heat gain coefficient, leading to reduced solar radiation reaching the
building's interior. This film's low transparency restricts visibility through the glazing to a
certain extent, and therefore, the transparency level of the film should not compromise the

occupants' visual comfort through the window. In addition, it is essential to maintain an



adequate level of daylight in the internal environment, or there should be a balance between
daylight and artificial light. This consideration ensures that the addition of the film does not
reduce the overall amount of light in the space, as this could negatively impact the occupants'
comfort and productivity. Therefore, it is crucial to carefully consider the level of transparency
of the added film to ensure that it provides an appropriate level of shading while maintaining
adequate visibility and light levels. Overall, the permanent attachment of a thin film to the
glazing is an effective window shading method that reduces solar heat gain. However, it is
crucial to balance the level of shading with the need for adequate visibility and light levels in
the building's interior. This can be achieved by selecting a film with an appropriate level of

transparency to ensure occupant comfort and maintain productivity levels.

A recent innovation in window shading techniques is the use of Semi-Transparent Photo
Voltaic (STPV) panels. These panels are made of glazing materials and serve as a substitute
for traditional glazing. STPV panels are equipped with solar cells that generate electricity by
absorbing solar radiation, just like conventional photovoltaic (PV) panels. However, the
difference is that STPV panels are semi-transparent and only absorb a portion of the incident
radiation, allowing some light to pass through. While STPV panels are effective at generating
electrical energy, their efficiency is lower than that of regular PV panels due to their semi-
transparent nature [7], [8]. One of the main advantages of STPV panels is their ability to allow
daylight into buildings while simultaneously generating electricity. However, the reduced
transparency of the glazing can negatively impact vision through the window, making it
necessary to use more artificial lights to compensate. Therefore, while STPV panels are an
innovative way to generate electricity and provide shading to buildings, careful consideration
must be given to their impact on occupants' vision and lighting needs. Balancing the amount
of electricity generated with the amount of daylight allowed in and the occupants' need for

adequate lighting is essential to ensure occupant comfort and productivity.

A recent advancement in window shading techniques is the development of electrochromic
thin films, such as Polymer Dispersed Liquid Crystal (PDLC) films. These films can be applied
to traditional glazing and provide varying degrees of transparency, ranging from opaque to
transparent states, depending on the input excitation. The ability to control the transparency
of PDLC films offers significant advantages to windows. Applying PDLC films to traditional

windows enables the management of the amount of daylight passing through them, allowing



for a balance between natural and artificial lighting. Additionally, the controlled visibility
provided by PDLC films allows for control over the quality of the external views seen by
occupants through the glazing [9], [10]. This is an important factor to consider, as occupants
typically value the ability to interact with the outdoor environment through windows.
Therefore, the use of electrochromic thin films, such as PDLC films, can be an effective way
to shade the glazing of windows while still providing occupants with the benefits of natural
light and external views. Proper management of the transparency of these films can help

balance lighting needs and maintain occupant comfort and productivity.

To utilise PDLC films for shading windows, an alternating current excitation is required. When
no voltage is applied, the film is opaque, and as the AC input increases, the transparency level
of the PDLC film increases up to a maximum of 90%. Therefore, it is important to understand
the relationship between the applied voltage and the transparency level of the PDLC film to
allow an automated system to adjust the transparency level based on different conditions.
The use of PDLC films on windows will result in a lower solar heat gain coefficient, as the solar
radiation entering the building will be restricted. However, it is important to note that unlike
other window shading techniques, the solar heat gain coefficient of PDLC films is variable and
depends on the level of excitation applied to the film. Overall, the ability to control the level
of transparency through an automated system makes PDLC films a promising solution for
managing daylight and artificial light loads while also providing visual access to the outdoor

environment.

Smart windows using the aforementioned technologies for window shading and ventilation
can transform traditional windows into intelligent components in building envelopes. To
operate, smart windows require an electrical connection for excitation, such as in the case of
PDLC windows, or to receive generated electricity, such as STPV windows. Furthermore, smart
windows require control systems to manage their operation. For instance, ventilated
windows need management for airflow through the window panes and to control valves and
air pumps. In PDLC glazing, a controller plays a crucial role in determining a preferred
transparency level. By relying on the transparency-voltage relationship, the controller can
expect the correct excitation. Overall, smart windows with these new technologies become
adaptive devices with automated and artificial intelligence systems. A proper control system

must be implemented based on the requirements of smart window systems. The



implementation process should involve two steps. Firstly, the function required to manage a
window should be interpreted into an algorithm. Secondly, a suitable implementation

method should be chosen to realize the control function.

To enable the control of smart windows, various options are available for implementing
control circuits. One such option is to use PC-based software, such as MATLAB, to implement
a control process. Once the target process is converted to a program, the software executes
it to achieve the control function. However, the efficiency of the utilised PC impacts the
performance of the control process, and establishing a physical interface between a PC and
the smart window system could be a challenge. Another option for controlling smart windows
is to use microcontrollers. Microcontrollers are capable of managing digital and analogue
actuators and sensors efficiently, making them a viable option for controlling smart windows.
The control function for a smart window is written in a programming language such as C or
Python, and the microcontroller executes the program. The overall performance of the
system depends on the efficiency of the microcontroller and the programming language used.
Compared to PC-based software, microcontroller circuits offer an advantage in terms of easy

interconnectivity with smart window systems.

A System on Chip (SoC) can be employed to achieve a control function for smart windows
[132]. SoC systems have an embedded processing unit and its corresponding peripheral
circuits on a single chip. It can perform a variety of functions with less size and power
consumption compared to microcontroller implementations. The advantage of SoC
implementation is the capability of building different digital and analogue modules on one
chip that can serve the targeted function. On the other hand, the Field Programmable Gate
Array (FPGA) implementation method configures the available logic blocks on a single chip to
build complex digital circuits [131]. The preferred control function of a smart window system
can be prototyped using the digital entities on a FPGA chip. The advantage of FPGA
implementation is that it provides a low latency design and high throughput. However, FPGA
implementation is limited to digital systems only. The area on the FPGA chip may not be
enough to prototype the design for massive functions; in such cases, multiple FPGA chips can

be used to cover the required process.

To sum up, there are different methods available for implementing smart window controllers,

and their performance can be affected by various factors. To determine the most suitable
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approach, it is important to consider factors such as processing speed, throughput, latency,
cost, and power consumption. Processing speed refers to the ability of a processing unit to
handle one bit of data per second and is typically measured in clock speed or frequency in
hertz. Throughput measures the productivity of a processing unit, such as the amount of data
or tasks processed over a specific time interval and is measured in data capacity per second
(bit or byte). Increasing the processing speed can lead to higher throughput and efficiency for
a processing unit. Latency indicates the time required by a processing unit to process an
instruction in terms of the number of clock cycles. The lower the latency, the higher the
processing efficiency. Power consumption is another critical factor that can increase with the
frequency of the operating clock and the complexity of the running function. Therefore, it is
essential to consider all of these factors to select the best approach for implementing smart

window controllers.



1.2 Aims and objectives

The aim of this study is to further utilise smart windows in different climate zones for

optimum thermal and daylight performance and develop an automated system to control the

operation of smart windows.

The objectives are:

Develop a standard procedures to optimise the usage of waste air from buildings in
ventilation process of double-glazed windows.

Determining of the maximum number of windows that can be ventilated by a given
waste air velocity to achieve highest energy savings.

Developing a mathematical representation of the vision quality through polymer
dispersed liquid crystal double-glazed windows.

Develop a quantification algorithm for the vision through polymer dispersed liquid
crystal double-glazed windows.

Developing a parameter in the system of polymer dispersed liquid crystal double-
glazed windows that describes user’s preferred vision level.

Find the minimum allowed visible transparency that maintains a comfortable vision
through the polymer dispersed liquid crystal double-glazed windows.

Implementing an automated quantification system for vision through polymer-

dispersed liquid crystal double-glazed windows.

1.3 Contributions

The contributions are:

1-

2-

3-

A standard flowchart has been developed to optimise the usage of waste air from
buildings in ventilation process of double-glazed windows.

A quantification method has been developed to quantify the vision through PDLC
double-glazed windows.

An automated quantification system for vision through PDLC double-glazed windows

has been developed.
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1.5 Outline of the thesis

The outline of the thesis is presented below, it is worth mentioning that critical analysis and

summary have been included at the end of each chapter:
Chapter two: Literature Review.

In this chapter, previous related studies in relation to utilisation of smart windows and control

techniques of smart windows are reviewed.

Chapter three: Optimising the use of building’s waste air in double-glazed ventilated

windows for commercial buildings in cold regions.

This chapter presents the first research problem, proposes a design for ventilated double-
glazed windows in cold regions. The chapter demonstrates the methodology of this piece of
research, shows the experimental results, discusses them, and answers the research

question.

Chapter four: Quantification of visual comfort through polymer dispersed liquid crystal

double-glazed windows.

This chapter presents the second research problem related to the utilisation of PDLC double-
glazed windows. It proposes a system to measure the quality of vision through PDLC double-
glazed windows in hot regions. The chapter demonstrates the methodology of this part of
research, shows the experimental results, discusses them, and answers the research

question.

Chapter five: Prototyping of automated quantification controller for vision through PDLC

double-glazed windows.

This chapter presents the third research problem about the implementation of a controller
for PDLC double-glazed windows. A proposed automated system shows a quantification
process for the vision through a PDLC double-glazed window in terms of vision contrast. The
chapter demonstrates the methodology of this part of research, shows the experimental

results, discusses them, and answers the research question.
Chapter six: Conclusion and Further Work.

In this chapter, the study is summarised, and further research work is presented.
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1.6 Summary

In this chapter, the main concepts of smart windows in modern buildings are introduced.
Smart windows are designed to provide comfortable environments for the occupants.
Different techniques are used by smart windows to optimise their performance. Climate
conditions are an essential factor in determining the appropriate technique for a particular
region. Ventilated windows are applied to buildings in cold environments to mitigate heat loss
through windows. The wasted air is used to warm up the panes of the window to reduce the
temperature difference between the glazing and the room. Consequently, energy savings can
be achieved in heating loads due to the enhancement in the thermal isolation of the window.
In contrast, PDLC double-glazed windows are employed in hot environments. They help
reduce the greenhouse effect inside buildings. Due to their capability of adjusting the
transparency of glazing, it is possible to limit the quantity of daylight accessed in internal
environments. The mean value of room temperature and the annual consumption of cooling
loads can be minimized. Smart windows are active elements in the envelop of buildings and
achieve different functions; hence, controllers should be implemented to manage their
operations. Implementation of controllers can be fulfiled by employing the available
techniques of circuit implementation. The implemented systems should be automated so
they can drive the smart windows autonomously based on real-time conditions. Operating
conditions are the factors that may determine the status of a window, such as indoor and
outdoor conditions and light intensity. As a hardware implementation method,
microcontrollers are the basic option that can serve smart windows. Systems on chip are
suitable for some applications of smart window controllers. Moreover, field programmable
gate array technique shows an efficient performance when working as controllers. In software
implementation, PC-based software, like MATLAB, is available to act as a smart window
controller. Depending on the requirements of the smart window system, a proper
implementation type can be chosen. The performance of a microcontroller can be evaluated

by its processing speed, throughput, power consumption, and cost.

Figure 1. 1 provides an overview of the workflow outlined in the thesis. The primary focus of
this research is centred around the development of two distinct types of intelligent windows.

In the context of cold climates, the thesis explores the implementation of a ventilated double-
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glazed window. The main objective here is to optimize the utilisation of waste air from

buildings, particularly in relation to the ventilation process.

In contrast, for hot climates, the thesis examines the use of a polymer dispersed liquid crystal
(PDLC) double-glazed window. In this scenario, the aim is to quantify the visual qualities of
the proposed window when looking towards external views. To achieve this, the
guantification process involves tasks such as image processing and mathematical
computations. Consequently, an automated system will be devised and implemented to

efficiently handle the aforementioned tasks in this particular scenario.

Development of smart windows
techniques for efficient buildings

|
' v

Cold regions

v

Ventilated double-glazed
windows

Objectives:
- Optimisation of waste air
utilisation.

Hot regions

v

PDLC integrated with double-
glazed windows

'
Objectives:
- Quantification of vision
through the window.
- Implementation of image-
processing controller.

Figure 1. 1. Workflow.




Chapter 2: Literature review
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2.1 Energy consumption and heat loss in the glazing in commercial buildings

Various studies have recently concentrated on energy conservation in buildings due to the
rising energy consumption in this sector. In contemporary cities, the energy consumption of
buildings has surpassed that of transportation and industry. In China, buildings account for
28.6% of the overall energy consumption [11]. Moreover, the International Energy Agency
(IEA) has reported that residential buildings consume 20% of the total energy consumption in
Japan, China, Russia, India, and the United States [12]. In 2013, a study indicated that
commercial and residential buildings in Taiwan account for 40% of the country's energy
consumption [13]. The energy department in the United States has also mentioned that the
energy consumption of buildings in industrialized countries can be up to 40% [14], [15].
Buildings lose heat through their external structure, or thermal envelop. The most heat
leakage occurs in windows, as they have the lowest thermal resistance. Previous studies have
emphasized that the effective heat loss in windows is caused by the glazing. Ahmed et al. [16]
mention that windows have the weakest thermal insulation in buildings. The authors
investigated the energy savings of different kinds of glazing. The results showed that adding
a tint to the traditional glazing can save up to 8.9 % of cooling loads. Pavlenko et al. [17] cited
that the efficiency of energy in a building can be determined by the windows; however, the
thermal performance of windows is defined by the U-value, or the overall heat transfer
coefficient.

Respondek et al. [18] investigated the influence of climate change on the insulation of gas
injected double-glazed windows. The gas between the panes decreases the thermal
conductivity of the window. However, the study revealed that the increase in atmospheric
pressure can decrease the insulation of the gas, leading to an increase in heat loss of up to
5%. Bahadori-Jahromi et al. [19] cited that 60% of overall energy loss in fagade buildings is
caused by windows. The study employs solar window films in a hotel in the UK to analyse their
influence on the energy efficiency of the hotel. The findings revealed that using solar films
can save up to 35% of cooling energy consumption in the building. Prapotnik Brdnik [20]
modified the optical properties of the glazing used in three buildings in Slovenia. The
modification was made by tuning the values of emissivity, transmittance, and reflectance of
the glazing. The objective of the study is to reduce the solar heat gain coefficient of the

glazing. The results showed that the optimum value of emissivity for the interior pane (of a
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double-glazed window) is 0.03. The modified optical properties led to minimal solar heat gain
and minimal cooling and heating loads.

Various factors influence the energy consumption of buildings, including the type of glazing
used. According to a study, the choice of glazing can have a significant impact on energy
consumption, with a reduction of up to 40% observed in a modelled energy system. This
change also led to a 30% reduction in carbon dioxide emissions [21]. However, replacing
glazing in existing buildings can be expensive. Another study highlighted the importance of
considering factors such as glazing type, window orientation, and glazing dimension during
the design phase to achieve optimal energy efficiency [22]. However, once construction is
complete, it may be difficult or not possible to modify the direction of the building to improve
energy efficiency.

Research has indicated that the window-to-wall ratio (WWR) of a building's glazing has a
direct impact on energy consumption. Research has demonstrated a correlation between the
window-to-wall ratio (WWR) and the amount of energy necessary to operate heating and
cooling systems in a building [23], [24]. Another study conducted in Lebanon investigated the
impact of different WWR ratios in four directions and found a significant impact of WWR on
energy consumption per year [25]. Just like building direction, the WWR ratio should be taken
into account during the initial stages of installation, as modifying it after construction can be
challenging and expensive.

In summary, buildings consume an effective energy percentage around the world. Windows
cause massive heat loss in buildings because of their high thermal conductivity of the glazing.
Glazing type and size, window orientation, building location, WWR ratio, and other
parameters influence the heat loss through windows. Numerous studies have tried to
optimize the thermal performance of windows. However, more research is needed to
mitigate the impact of windows on energy consumption, less CO2 emissions, and better

thermal comfort for the occupants.
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2.2 Comfortable environment in commercial buildings

2.2.1 Thermal comfort (temperature, ventilation, and air quality)

Due to the replacement of natural green zones with urban ones, ventilation inside cities
becomes less effective. In addition, the structure of buildings has the ability to absorb much
of the heat from solar radiation. The reasons mentioned have a negative impact on thermal
comfort in indoor environments. Thermal discomfort causes health problems for the
occupants. Further, it inflates cooling and total annual energy consumption and leads to an
increase in the emission of CO2 [26]. Therefore, recent research has focused on studying the
factors that directly influence the thermal comfort of buildings to mitigate their effects on

occupants and energy efficiency.

Mao et al. [27] proposed a computational fluid dynamics (CFD-based) simulation method to
determine the optimum room dimension to achieve thermal comfort, ventilation, air
distribution, and other factors. The computations give a maximum room size of 6 m3. Laouadi
et al. [28] presented a healthy temperature standard in the internal environments of
buildings. The proposed model takes into account both the simulation of buildings and human
bioheat. The purpose of the study is to avoid body drought in older adults during seasonal
overheating waves. The obtained criteria can be used in future research to evaluate the
hazard of seasonal temperature increases on buildings’ occupants. Chen et al. [29] proposed
a deep learning-based algorithm to regulate the air source to a fan coil unit in an office
building in China. The fan system is used as an air conditioning system in the building. The
suggested algorithm controls the quantity of the supplied air to maintain a comfortable
temperature and humidity level. Compared to the traditional controllers, the proposed
algorithm increases satisfaction rates for the temperature and humidity inside the building by
12.66% and 9.5%, respectively. Sekartaji et al. [30] analysed the thermal comfort of a school
in Japan after installing an air conditioning system to avoid the impact of the sun on the health
of the students. The method was done through a questionnaire, and the result shows the
preferred cooling temperature is under 28°C with a thermal comfort percentage of
approximately 75% for the indoor environment. Lamsal et al. [31] reviewed a number of
studies from different countries that are done on thermal comfort. The study focused on
buildings that rely on natural ventilation to maintain acceptable thermal comfort. The result

shows that the required range of indoor temperature is 17.6 to 31.2°C. Yaacoub et al. [32]
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reviewed the recent machine learning-based methods that manage thermal comfort inside
buildings. The results showed that employing machine learning enhance the thermal comfort
of the building and saved up to 27% on overall energy consumption. Cheng et al. [33]
discussed the influence of thermal comfort on the psychological factors of young people in
varied environments. The results revealed that cold environments have more impact on
people than hot environments due to the nature of human bodies. Sedighi et al. [34] reviewed
the utilisation of bioactive glazing for facade buildings. This kind of glazing is adaptive to
sustainable systems due to its shading features, solar radiation absorption, and thermal
insulation. The properties of bioactive glazing can reduce the overall consumption of

buildings, and hence, they achieve an effective energy savings of up to 30%.

To sum up, thermal comfort has a direct impact on human health and psychological
parameters of people, energy consumption, and CO2 emissions. Therefore, it is essential to
optimise thermal comfort in buildings to mitigate the inflation of energy consumption and to

provide healthy environments.

2.2.2 Visual comfort

Windows are an integral component of a building's structure, as they contribute significantly
to the overall envelope. Their primary function is to provide natural light for the indoor
environment and ensure that the occupants have an adequate visual experience. Visual
comfort impacts energy consumption in buildings. For instance, in a hot region, less
transparent glazing provides adequate daylight for indoor environments and less need for
artificial lights [35]. In contrast, more daylight causes a greenhouse effect, which inflates the
consumption of cooling loads. In general, the overall consumption of a building will be higher.
Studies have been done on assessing and optimising visual comfort in buildings to mitigate
the consequences of energy consumption and discomfort glare [36]-[38].

In a study by Day et al. [39], 5031 people in the United States were surveyed to determine
their level of satisfaction with the visual comfort of their surroundings in Three distinct
edifices. The buildings utilised different techniques, such as automatically controlled blinds,
electrochromic glazing, and roller shades, to limit the amount of daylight entering the
buildings. Results showed that occupants in buildings 1 and 2, which had the most bright

places, reported higher levels of satisfaction and contentment. Additionally, occupants'

19



satisfaction level was found to be directly proportional to their proximity to the windows.
Nonetheless, inhabitants of the third building experienced the least amount of brightness as
a result of the implementation of electrochromic glazing, provided negative feedback.
Overall, the study highlights the importance of providing adequate daylight in buildings to
ensure occupant satisfaction and comfort.

Lim et al. [40] investigated how an artificial light-controlled system can affect energy
consumption and occupant behaviour in two distinct offices. The first workplace had access
to daylight, while the second workplace did not. The study found that using the suggested
lighting system in the first workplace resulted in a significant decrease of 78% in lighting
energy consumption. In addition, the employees in the two offices reported high levels of
satisfaction with the brightness of the environment.

Sorooshnia et al. [41] optimized the visual comfort of a building in Australia for minimal
energy consumption. For the north-oriented rooms, it is found that an optimum window to
wall ratio (WWR) of 10.7% to 20% provides maximum daylight in the internal environments,
leading to and approximately 12% reduction in the overall energy consumption. For the west
direction, setting the WWR to 51% led to a 50% energy savings in lighting loads. For south-
oriented windows, 39% is the optimum WWR for the minimum possible energy consumption.
Fakhari et al. [42] investigated the ratio of daylight to overall available light in the indoor
environments of six buildings in Iran. The study surveyed occupants satisfaction with the light
in a number of places inside the buildings. People who stayed in places with a daylight to light
ratio of 56%-80% were satisfied. However, in places with a daylight to light ratio less than
40%, people expressed their dissatisfaction.

Overall, visual comfort is essential for human well-being in buildings. It is directly related to
the quality of daylight accessed in indoor environments. However, much daylight may cause
an increase in overall energy consumption, it also mitigates the use of artificial lights. With
non-fixed visible transparency glazing, the transparency level may determine the daylight
quality and, hence, the energy consumption of a building. Therefore, it is crucial to determine
to what extent it is useful to minimize transparency. Daylight quality was assessed by time

consuming survey methods and gathering people’s preferences in a building.
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2.2.3 Vision through windows

The trend of conducting large-scale studies on windows has brought about certain challenges,
including the issue of vision comfort. This pertains not just to the amount of daylight present
in interior spaces, however, it also correlated to the quality of vision via the windows.
Therefore, it is essential to comprehend both the quality and quantity of daylight in buildings
to ensure the comfort of occupants. In terms of visual comfort, there are three critical
components to consider: daylight glare (DG), correlated colour temperature (CCT), and colour
rendering index (CRI) [43]. However, these components only account for visual comfort in a
static scenario where the glazing maintains a constant level of transparency. The use of
switchable glazing, such as the recently founded thin films that alter transparency, presents
additional challenges when evaluating vision comfort.

Over the years, a plethora of research studies have been conducted to analyse the influence
of daylight on buildings and improve both daylight efficiency and visual comfort, in both
ongoing and upcoming building projects [44]-[46]. One such study was carried out by Wang
et al. [47], who investigated the impact of exterior scenes provided by windows on the post-
operative recovery of patients in Taiwan. The study revealed that enhancing visual comfort
through the windows led to a substantial decrease in the usage of pain medication. This
finding suggests that access to natural light and a view of the outside world can have a positive
effect on the physical and emotional well-being of occupants, and reducing their reliance on
pain medication can also have significant benefits. This study highlights the importance of
incorporating effective daylighting strategies in building design to improve the indoor
environment for occupants.

According to Fikfak et al. [48], the view from a window has a significant impact on the well-
being of occupants in buildings. In a survey conducted by the authors, it was found that the
type of view from a window played a crucial role in determining the preference of occupants.
The survey involved people from different buildings with various types of views, and it was
observed that views of green nature and high-quality outdoor scenes were highly favoured
by the respondents. This study underlines the importance of incorporating windows in
building design to provide occupants with access to natural elements such as greenery and
picturesque landscapes. Such views can significantly contribute to enhancing the overall well-
being and satisfaction of occupants in buildings. In their research, Pilechiha et al. [49]

presented a novel approach for minimizing energy usage in the windows of office buildings.
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The authors laid emphasis on the fact that this new method should not have any adverse
impact on the quality of vision via the windows or the amount of daylight entering the
building. This approach has the potential to significantly improve the energy efficiency of
office buildings while simultaneously ensuring a comfortable and healthy indoor environment
for the occupants. In conclusion, the study considered vision through the window as an
important factor that must not be effected while modifying the window system. The study
conducted by Dusan et al. [50] put forward a distinctive method for designing lighting systems
in industrial buildings. The authors emphasized that, in addition to ensuring that there is
sufficient natural daylight within the workspace, it is equally important to provide workers
with access to the external environment to enhance their productivity and performance. This
proposed approach recognizes that the physical and mental wellbeing of employees can be

positively influenced by the visual and sensory connection to the outdoor environment.

Apart from the aforementioned research, several other papers have explored the functions
of windows and their impact on various categories of individuals, such as students,
employees, workers, and patients. These studies have consistently highlighted that the
fundamental purposes of windows are to provide adequate daylight and maintain a clear
vision of the exterior environment [51]-[53]. They emphasize that having access to natural
light and the outside world not only enhances the physical and emotional well-being of the
occupants but also boosts their cognitive and visual abilities. Therefore, it is essential to
incorporate windows into the design of buildings in a way that maximizes their functionality

and benefits for the occupants.

Over a duration of six months, Ma et al. [54] conducted a survey to assess the preferences of
a group of students on visual comfort and discomfort glare in a study area. After conducting
the survey, they used the data they collected to create a building information model (BIM).
They then converted this BIM into an algorithm that could be used by a machine learning
system. The resulting algorithm was used to control a proposed window shading system. This
approach enabled the researchers to develop a customized window shading system that
could adjust to the changing lighting conditions and user preferences over time. The use of
machine learning and BIM technologies allowed for a more efficient and accurate system

design, resulting in improved occupant comfort and energy efficiency in buildings. This study
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highlights the potential benefits of integrating advanced technologies and user feedback in
building design to optimize occupant comfort and energy consumption.

The studies mentioned previously, as well as other investigations [55]-[57], relied on the
subjective observations of individuals to assess visual comfort in various settings, taking into
account both the amount of natural light available and the quality of the view through the
window. However, this approach typically involves administering questionnaires, which can
be a time-consuming method for gathering information about human preferences over
different seasons. Additionally, there is no guarantee that the collected data will be
comprehensive enough to address all the potential user requirements in real-world
situations. Therefore, this method may have limitations in terms of practicality and accuracy.
In a study conducted by Detsi et al. [58], the energy consumption of lighting, cooling, and
heating loads in office buildings situated in Athens and Stockholm was investigated. The
authors recommended the use of a triple-glazed window that featured thermochromic,
electrochromic, and low-emissivity (low-e) coatings in insulated glass units (IGUs) to improve
the energy performance of buildings. According to the study, the proposed window provided
a high level of visual comfort for workers in terms of the daylight glare index. As a result, it
was observed that the recommended window led to energy savings of 18.5% and 8.1%
annually in Athens and Stockholm, respectively. The visible transparency of the window
ranged from 0.46 to 0.75, but the study did not evaluate the quality of external views within
this range of transparency.

Ko et al. [59] conducted a study that investigated the performance of a suspended particle
device (SPD) window in an office building located in South Korea. The research method
involved manipulating the visible transparency of the window by adjusting the applied voltage
of the SPD film, which had a corresponding effect on the solar heat gain coefficient (SHGC) of
the window. The researchers found that the controllable range of SHGC was between 0.11
and 0.45. The study reported an annual energy savings of 4.1% due to the use of the SPD
window. However, the researchers also observed that lowering the visible transparency of
the window to save energy had an adverse effect on the clarity of the outside view for the
occupants, potentially compromising their visual comfort. The study implies that while the
SPD window technology can offer significant energy savings, it may not be suitable for all
applications, particularly in situations where occupants' visual comfort and outdoor views are

of utmost importance.
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Oh et al. [9] conducted a study to investigate the effectiveness of various types of PDLC
(Polymer Dispersed Liquid Crystal) thin films applied to windows and facade walls in terms of
energy consumption and daylight performance. The researchers found that integrating PDLC
thin films with existing windows resulted in energy savings ranging from 3.1% to 17%, and
also improved the discomfort glare ratio of the indoor environment. However, the study did
not consider the possible impact of reducing the visible transmission of light through the
window after adding the PDLC film on the quality of vision of the outdoor views. While the
results of the study are promising, it is important to note that the use of PDLC thin films may
affect the clarity of outside views, which could potentially compromise the visual comfort of
building occupants.

Hemaida et al. [60] conducted a study to investigate the impact of using PDLC windows in
office buildings located in Riyadh, Saudi Arabia, and London, UK, on the cooling and heating
consumption. The study found that the use of PDLC windows resulted in a reduction of 12.8%
in cooling capacity in Riyadh and a decrease of 4.9% in heating capacity in London, indicating
that the suggested window is more effective. The study also concluded that the PDLC window
provided an adequate amount of daylight for internal spaces. The findings indicated that the
window provided 75.8% of the annually required daylight glare in Riyadh and approximately
63% in London. However, the study did not analyse the impact of reducing the glazing's visible
transmittance on the vision via the window, even though the visible transmission of the
window varied from 44% in the OFF state to 79% in the ON state.

Previous research has primarily focused on assessing vision comfort in internal environments
by measuring available luminance, particularly through the use of dynamic windows. The
evaluation of visual access to the outside environment through windows has been limited to
human surveys and preference analyses. However, with the emergence of switchable films
and glazing with dynamic optical and thermal properties, it is crucial to investigate and assess
various factors to determine the true impact on visual comfort. Proper evaluation is necessary
to accurately understand the effects of these new technologies on vision comfort. This poses
a challenge to surveying and traditional evaluation methods. Therefore, if artificial
intelligence is employed to control window settings, the accurate measurement and
guantification of visual comfort are essential, and it is important to develop algorithms that

can precisely parameterize it.
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Previous studies have indicated that human visual perception is highly reliant on the contrast
of images, which allows the human eye to distinguish between adjacent objects in an image.
Consequently, when assessing the quality of vision through glazing, it is possible to use an
artificial vision system to calculate the contrast value in real-time. This value serves as an
accurate representation of the quality of human vision and is critical in evaluating the
effectiveness of dynamic windows and switchable films. Such systems enable accurate
measurement of the contrast value, which is a crucial aspect of human vision perception, and
thus provides a more effective approach to evaluating the quality of vision through glazing
than traditional survey methods.

Previous studies have utilised image processing methods to assess various aspects of daylight
in indoor environments, such as the daylight glare index and discomfort glare index. These
methods involve using digital images of the environment to determine the luminosity
histogram, which reflects the brightness level and luminance of different points in a given
area. Several studies have been conducted to evaluate the daylight performance of different
environments. For instance, Fan et al. [61] simulated an image-based gymnasium to
determine the daylight level, while Hegazy et al. [62] utilised luminosity histogram analysis in
a virtual environment to quantify the daylight. Futagami et al. [63] used an image-based
motion sensor to determine the luminance level in a workplace. Additionally, Day et al. [39]
captured high dynamic range (HDR) images of three office buildings and analysed them using
the Evaglare algorithm [64] to evaluate the daylight illuminance and glare probability.
However, all of these studies didn’t examine the visual quality of the external views through
PDLC glazing. Nonetheless, previous research has highlighted that windows serve as a crucial
means of providing occupants with visual linking to the exterior environment.
Unfortunately, most previous research has failed to evaluate the visual aspect of windows,
with some studies resorting to conducting surveys to assess individuals' preferences regarding
the vision through windows. Nevertheless, surveys are often time-consuming to involve
weather conditions throughout all seasons, and the resulting information may not accurately
reflect the diverse preferences of real-world users. Moreover, with the introduction of thin-
film technologies into the window industry, As windows with variable optical transmittance
features are becoming more common, relying solely on surveys to evaluate vision through

windows is no longer a practical approach.
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At this point, one might ask how to mathematically describe the level of visual quality through
a window. Unfortunately, the literature suggests that the quality of vision from the
perspective of occupants towards exterior views is not yet a measurable parameter. Another
guestion that arises is what is the minimum level of visible transparency required to maintain
an acceptable level of visual quality through the window when a thin film, such as a PDLC film,
is added to conventional glazing? Previous studies have focused on reducing the transparency
of smart films to save energy in hot regions without exploring the impact on visual comfort
through windows. However, in chapter four of the thesis, a new methodology will be
introduced to quantify the quality of vision through PDLC windows and determine the

minimum level of transparency required for the glazing to maintain acceptable visual quality.
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2.3 Smart windows

2.3.1 Smart windows versus traditional windows

In recent years, the window industry has experienced a surge in new technologies that utilise
innovative materials to improve or replace traditional glazing. These materials include semi-
transparent photovoltaic panels (STPVs), suspended particle device (SPD) films,
electrochromic films, and polymer dispersed liquid crystal (PDLC) films, all with unique optical
and thermal characteristics that set them apart from conventional glass. When incorporated
into glazing, these panels and films bring new dimensions to be considered, as some of them
possess controllable optical and thermal properties that can be adjusted to suit specific
building requirements [8], [65]-[69]. These innovative materials have the potential to
significantly enhance the energy efficiency and comfort of buildings, making them a key area
of interest for the window industry.

Traditional windows in commercial buildings are no longer static components of the building
envelope. In recent years, a variety of studies have suggested new designs and modifications
to turn windows into "smart" elements that can perform a range of functions [70]. These new
types of windows play an important role in improving the overall living environment for
building occupants. They also have the potential to enhance renewable energy systems, since
they provide improved thermal and daylight efficiency [71]-[73]. Furthermore, some
windows are being used to generate electricity in the form of building-integrated photovoltaic
windows [65].

In a research conducted by Ghosh et al. [43], the authors investigated the daylight efficiency
of building-integrated photovoltaic (BIPV) windows in an office building located in Saudi
Arabia. The study findings suggested that a transparency range of 50% to 70% was sufficient
to maintain a comfortable glare level during the winter, whereas for summer, a transparency
level of 70% was required. However, rising the transparency level to 90% leaded to a high
level of daylight inside the building, but it also led to high discomfort due to glare. The
research indicates that achieving the right balance between transparency and glare is
important for the optimal daylight performance of BIPV windows in commercial buildings.

In their study, Guo and Zhang [74] used a window with multiple layers of glazing as a means
of recovering heat. They achieved this by directing exhaust air from the interior environment

to ventilate the window, which improved its ability to regulate temperature. Overall, their
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approach resulted in a significant energy savings of 38.2%. The study shows the advantages
of smart windows that used a developed ventilation technology to enhance its thermal

performance and saving an effective percentage of energy compared to traditional windows.

Kim et al. [75] conducted a study aimed at optimising the physical properties of an
electrochromic smart window, in order to achieve maximum energy savings. They discovered
that when the electrochromic glazing was installed in a window facing south, it was able to
reduce the amount of solar radiation that passed through the window. This resulted in a
maximum annual energy savings of up to 45%. Meanwhile, in another study, Olivieri et al. [76]
focused on investigating the thermal, daylighting, and electrical performance of semi-
transparent photovoltaic (STPV) windows. These windows were made with different levels of
visible transparency, ranging from 10% to 40%, and different solar heat gain coefficients
(SHGC) ranging from 0.655 to 0.734. The study found that the efficiency of electrical
generation increased as the transparency decreased. However, this also resulted in a

reduction in the illuminance of the interior environment.

In conclusion, various methods are employed to upgrade conventional windows with new and
improved features. These new windows possess different characteristics that are crucial in
enhancing the overall performance of their predecessors. They exhibit lower thermal
conductivity, can generate electricity, have shading properties that mitigate discomfort glare,
and can reduce greenhouse gas emissions. Smart windows offer the added benefit of reducing
energy consumption, making them suitable for sustainable buildings and minimizing CO2
emissions. Additionally, smart windows are highly adaptable to automated systems and
artificial intelligence, which enables them to be easily controlled and monitored. This allows
for the creation of comfortable environments for occupants through smart controllability and

observability of the windows.
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2.3.2 Ventilated windows

As indoor activities of occupants in buildings have increased, there has been a growing
interest in managing ventilation systems to maintain air quality [77], [78]. This has resulted in
the recent widespread adoption of mechanical forced ventilation systems over natural
ventilation [79]—-[83] as a means of achieving this goal.

Alternatively, a number of studies have explored the possibility of using the entry and exhaust
air of ventilation systems to provide it to the gap of multi-pane glazed windows. The main
benefit of this approach is to heat up or cool the window cavity, which in turn can help to
reduce thermal loss through the windows. For example, one study investigated a type of
window known as a phase change material (PCM) ventilated window, which utilises a material
that can absorb or release energy when its physical state is changed (usually from liquid to
solid or vice versa), allowing it to offer heating or cooling effects. The study utilised a PCM
heat-exchanger to pre-heat or pre-cool a double-glazed window and found that when the
window operated in heating mode, the temperature of the inlet air was increased by 2°C over
a 12-hour period during the day, while in cooling mode, the inlet air temperature was lowered
by 1.4°C over a 7 hour period during the day [84].

Other researchers have found alternative methods to improve the thermal performance of
windows. One such method involves utilising fresh air or warmed exhausted air and injecting
it into the space between the panes of double-glazed windows, which helps to reduce the
window's heat transfer coefficient. In the studies carried out by Lago et al. [85] and Zeyninejad
et al. [86], a solar reflective film was applied to a double-glazed window to evaluate the
thermal performance of the proposed system. Lago et al. concluded that a spacing of 25mm
between the glazing layers is the most suitable for achieving the minimal heat loss throughout
summer.

Michaux et al. [87] conducted a study to examine the thermal efficiency of a triple-glazed
ventilated window and compared it to traditional double-glazed and triple-glazed windows.
The study found that the use of the triple-glazed ventilated window resulted in a reduction in
heating loads by 5% at night and 90% during the day. In another research conducted by Liu et
al. [88], fifteen different types of windows were placed in an area to assess their energy
efficiency and thermal comfort in the space. The study showed that using ventilated windows

can improve thermal comfort and reduce the consumption of heating and cooling loads.
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Furthermore, in a research article by Lollini et al. [89], a dynamic glazing system was put
forward that is capable of reacting to external environmental stresses, such as U-value, g-
value, spacing airflow thickness, and airflow rate. The primary objective of this system is to
ensure optimal efficiency and effectiveness of the glazing in diverse weather conditions.

In a study conducted by Behrouz Nourozi et al. [90], a unique approach was presented to
decrease the thermal conductivity of a window, which was subsequently validated using
simulations. This approach includes a double-glazed window that is filled with Argon gas and
is enclosed between two coated glazing panes. In addition, a heat exchanger is used to
provide warmed air to the window while simultaneously directing the waste warm air from
the building towards the heat exchanger to enhance its efficiency. The simulation results
revealed that if the temperature of the air supplied by the heat exchanger is greater than the
ambient temperature of the room, the U-value of the window could be lowered to less than
0.65 W/m?2.K. However, this innovative design incorporates extra components that increase
the complexity of the structure and consequently, the cost of installation. Additionally, in
instances where a building's facade possesses a high WWR (window-to-wall ratio) and
employs multiple-glazed windows, the available waste air may not be sufficient to warm up
the large space between the window panes.

Zhang et al. [91] conducted a study to compare the efficiency of a regular triple-glazed
window with a triple-glazed ventilated window, which operates in heating and cooling modes
by utilising the waste air from the room to be directed into the window. The study aimed to
investigate the potential energy savings achieved by the exhaust window compared to the
conventional one. The results indicated that the ventilated window had the potential to
decrease the heating and cooling loads by 50.1% and 25.3%, respectively, when compared to
the regular window. However, the study also mentioned that the amount of air required to
maintain the same level of energy savings would increase with the window's size. The study
presumed that the waste air source would be available continually, which may not be the case
in practice.

Previous studies on ventilated windows employed the heat transfer coefficient or U-value to
assess the thermal efficiency of the windows. The U-value was typically obtained through
experimental measurements conducted under steady-state conditions, involving the

assessment of temperature variations between the window's two sides. Moreover, it was
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essential to conduct the experiment without considering the influence of solar radiation-
induced heating [92]-[95].

The studies mentioned earlier in this context had varying methods to supply air to the space
between the panes of the window. Some of them heated up fresh air from outside before
release it into the room whereas others expelled room air to the outdoors through the gap in
the window to heat the panes in winter or cool them in summer. From these studies, it is
evident that wasted air can be utilised as an important resource to achieve maximum energy
efficiency in buildings. Previous research works assumed that there is an unlimited supply of
waste air that can continuously be used to power the ventilation systems and minimize heat
loss through windows.

However, in some situations, the amount of waste air in a building may be less than the
expectation. According to ASHRAE, a recommended amount of 5 and 4.2 cubic feet of air per
minute per person is necessary to be replaced with fresh air in large-scale and small-scale
buildings, respectively. Additionally, a minimum air change per hour of 0.35 is also
recommended [96]. Thus, the amount of available waste air is limited by the number of
occupants in a building. As a result, buildings with fewer occupants may not be able to provide
sufficient air flow for ventilated windows. Furthermore, the needed amount of waste air in a
building is dependent on the space capacity between the panes of the ventilated multi-glazed
windows, which is a function of the window dimension and number of panes. For ventilated
windows with a high Window to Wall Ratio (WWR), particularly in facade buildings where the
WWR can be as high as 70% [97]-[99], or even more, the need for waste air will be significant.
Considering a (1 m?) ventilated window proposed by Nourozi et al. [90] for a very cold
climate, the required flow rate for the waste air is up to 11 L/S. If this window is utilised in a
(4 x 3 x 2.5 m3) room in a facade building with a wall area of (4 x 2.5 = 10 m?). In facade
buildings, the window to wall ratio WWR can be up to 100% [101]. Hence, 10 ventilated
windows will be needed with 10 inlets; each inlet requires (3.96 m3 /h) of wasted air, or totally
(39.6 m3/h). According to the ASHRAE standard, the lowest air change per hour is 0.35 [102].
Therefore, the attainable resource of waste air per hour from the roomis (4 x 3 x2.5x0.35 =
10.5 m3/h). Obviously, there is a shortage of wasted air supplied by the room, and the

performance of ventilated windows will be effectively degraded.
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In conclusion, previous studies have shown that waste warm air in buildings in cold regions
can be utilised through ventilated windows to achieve significant energy savings. However,
these studies did not address the issue of optimizing the usage of waste air in ventilating
windows for buildings with a high WWR ratio, such as facade buildings in cold regions. To
address this issue, Chapter Three proposes an experimental methodology to optimize the

usage of waste air in ventilating windows.

2.3.3 Polymer dispersed liquid crystal windows

Polymer dispersed liquid crystal (PDLC) thin films are smart films that can change their optical
state electrically. PDLC films have randomly oriented “nanoparticles” in their normal state.
When an external energy source is applied to a PDLC thin film, the nanoparticles are oriented
in one direction. The uniformity of the nanoparticles changes the optical transmission state
of the PDLC film from opaque to transparent [103], [104]. A study [105] analysed the evolution
of optical transmission of a PDLC film against an AC excitation. The curve showed that the
examined PDLC film has less solar transmission than luminous transmission. This feature
makes the PDLC film an effective addition to conventional glazing. If a PDLC film is added to
normal glass, an effective portion of solar radiation can be eliminated while maintaining an
acceptable visible transmission. The shading effect of PDLC films reduces the impact of
greenhouse. On the other hand, higher luminous transmission ensures comfortable vision
through the glazing. The investigations on PDLC films showed that the optical transmission
varied while increasing the excitation. The visibility of PDLC films is very low with low
excitation and starts growing before reaching a saturated value [106]. The variation of visible
transmittance against the input voltage can be exploited in practical applications. Practically,
a curtain transparency level could bring a balance between the visual comfort in a building
and the energy consumption [107]. A study revealed that the operating temperature of PDLC
films can be up to 90°C before their electrical-optical characteristics start deforming [67].
Another study concluded that PDLC films can work normally within a temperature range of -
20 to 80°C [108]. This is another merit that makes PDLC films are suitable for hot climate

zones.
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Therefore, PDLC windows are feasible to employ in buildings for higher thermal isolation
compared to traditional glazing. PDLC films can be attached directly to the old glazing of a
building; in contrast, other kinds of smart glazing require a full replacement, such as
electrochromic glazing [109] and semi-transparent photovoltaic panels [110]. Numerous
studies have shown the impact of utilising the PDLC windows on eliminating the discomfort
glare and mitigating annual energy consumption. Oh et al. [9] remodelled an old building after
attaching PDLC films to the existing glazing. The simulation result emphasised that the PDLC
films can reduce the annual consumption and discomfort caused by daylight in the building.
Gosh [111] investigated the thermal performance of a developed glazing where a PDLC film
is sandwiched between an acrylic sheet and a glass pane. An experiment was carried out on
the three panes to measure the heat transfer coefficient (U-value) and solar heat gain

coefficient (SHGC). The experiment showed that the U-value for the PDLC film in transparent

and opaque states is approximately 1.1

MZ/ . Inaddition, the SHGC coefficient of the PDLC film

m2K
is 0.45 in the transparent state and 0.23 in the opaque state. Shaik et al. [112] achieved an
experiment on four coloured samples of PDLC films to measure the visible and solar
characteristics. The PDLC films were applied to a simulated library building in a hot climate
zone. Simulation results showed a maximum saving in the case of white PDLC film of more
than $8K in cooling loads when it works in the transparent state. The reduction in energy
consumption can mitigate CO2 emissions by approximately 100 tCO2 annually. The results
also showed adequate daylight for the internal environment of the library. Another study

[113] concluded that employing PDLC windows for a building in Saudi Arabia can save at least

21% of the cooling and lighting loads annually. Consequently, a reduction in CO2 emissions of

up to 89 k‘i:fz can be achieved. The experimentally calculated overall heat transfer coefficient
of the utilised PDLC film is approximately 5 szVK in ON and OFF states. Further, the

experimental results showed that the SHGC of the PDLC film is 0.39 in the off state and 0.53
in the on state. The luminance inside the simulated building was calculated for different
window to wall ratios and orientations. The calculations revealed adequate daylight in the
building (up to 300 lux annually) while the PDLC is in ON (maximum designated visibility). In
contrast, the simulation showed a discomfort glare spaces when the PDLC film is in the off
state and the SHGC is low. lluyemi et al. [114] investigate the energy savings that can be

achieved using electrochromic and PDLC windows if they are applied to a residential building
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in Oman. The findings revealed that using electrochromic windows can save 23% of the overall
annual energy consumption. On the other hand, in the case of a double-glazed window that

has a silver inner pane with a PDLC film, an energy savings of 22% can be realised.

In summary, utilising PDLC films is a feasible option to enhance the overall performance of
buildings” windows located in hot regions. In hot climates, solar heat gain coefficient (SHGC)
has a better indication of the overall performance of windows than heat transfer coefficient
(U-value) [112]. Adding PDLC films to the existing glazing minimises solar heat access to the
internal environments and simultaneously maintaining sufficient daylight. As a result, an
effective reduction in the cooling and overall consumption of buildings can be realised.
Further, less SHGC compared to conventional glazing mitigates the discomfort glare. Overall,
PDLC films fit the target of sustainable buildings and ensure high quality environments for the

occupants.
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2.4 Smart windows controllers

2.4.1 Implementation of embedded controllers for smart windows and industrial
applications

The advanced features of smart windows require specific algorithms to perform their
intended functions. These algorithms can be executed through dedicated software and
hardware components. Previous studies have utilised diverse implementation strategies to
implement the control functions of smart windows. Ismail et al. [115] used FORTRAN
programming language to create a numerical code on a PC in order to evaluate the thermal
efficiency of three different window designs. However, more efficient programming
languages, such as open-source C-language, which is commonly used in modern embedded
systems, have been suggested [116]. Other studies utilised the MATLAB software tool [117]
to implement their developed algorithms, which were used to estimate the visible
transmittance level of polymer dispersed liquid crystal (PDLC) windows [118] or to regulate
the functioning of multi-layer ventilated windows [119], [120]. Despite this, the use of
standalone embedded systems [121] is necessary for industrial applications in order to
eliminate the need for PC-based software. As an example, Dobrojevic and Bacanin [122]
implemented a smart home control system using a Raspberry Pi-based embedded system
[123] and the Python programming language [124], which leveraged the Internet of Things
(loT) technology. In another instance, Elkholy et al. [125] developed an energy management
system for a hybrid microgrid, based on a field programmable gate array (FPGA). The FPGA
system demonstrated high responsiveness in adapting to changes in the load. Meanwhile,
Kumar et al. [126] created a grid-interfaced solar photovoltaic (GIPV) system, incorporating
an ARM Cortex-M4 core. The ARM core manages various peripheral devices, including the
voltage source converter and the DC-DC boost converter, to enable the connection between
the solar grid and the computer. Wang et al. [127] introduced a field programmable gate array
(FPGA)-based adaptive power controller for DC-excitation polymer dispersed liquid crystal
(PDLC) films. The system relies on a photovoltaic panel to supply the PDLC film. A DC-DC
converter is fed by the solar DC excitation to provide a variable DC voltage to the PDLC film.
The output of the DC-DC converter is determined by the pulse width modulated PWM signal.

Real-time conditions like the illuminance and other parameters are read by sensors and fed
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to the FPGA design. The online data is set as input to an algorithm that is executed by the
FPGA design. The FPGA finally determines the level of the PWM signal that is matched with
the given conditions. Hence, the generated level of the PWM signal determines the preferred
transparency of the PDLC film. The result shows that the proposed algorithm requires 2.5
seconds to adjust the transmittance level of the PDLC film. Grygierek et al. [128] used the
Python programming language with other simulation tools to analyse the influence of natural
and mechanical ventilation in a house on thermal comfort and heating loads. The result shows
accurate calculations by the Python language when compared with a similar system. Chekired
et al. [129] used an Arduino microcontroller (MC) to build a cheap power management system
for a family house in developing countries. The MC controls the charging of a battery from
solar panels via a MOSFET via a PWM signal. The system helps minimise the lighting load and
provides a remote control for home appliances for the occupants. Mobaraki et al. [130]
proposed an Arduino MC-based, low cost monitoring system to measure and record the
temperature in indoor environments. Implementation results show that the cost of the

monitoring system can be reduced by up to 88% with an accuracy of 0.29°C to 0.42°C.

In certain scenarios, when the size of the processed data is relatively large, such as with
images or videos, the use of embedded systems with high processing speeds is crucial. To
address this issue, Liu and Feng [131] introduced a developed object edge detection algorithm
that utilises a special SoC FPGA-based hardware platform known as Zyng. This algorithm takes
advantage of the hardware acceleration blocks present in FPGA chips to enhance the speed
of processing. Jaskolka and colleagues [132] highlighted the impressive potential of the
Raspberry Pi 3 SoC system to execute various tasks related to image and video processing.
They suggested that this system could replace the MATLAB-based implementation approach.
Moreover, the Raspberry Pi 3 is a cost-effective option that supports the use of Python, a
freely available and open-source programming language. Pereira [133] presented four
possible methods to execute an image processing algorithm for detecting cracks in buildings
in civil applications. The scenarios included implementing the algorithm using MATLAB's
image processing toolbox and without it, implementing it using PC-based C/C++ coding, and
implementing it using Raspberry Pi-3. The processing time was calculated for each scenario
to evaluate their effectiveness. The results showed that the shortest running time was

obtained when the MATLAB image processing toolbox was utilised. In the field of English
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vocabulary translation, Wang [100] suggested a neural network approach that utilises a FPGA
Xilinx type chip, leading to a vocabulary detection accuracy of 98%. This accuracy is higher

than the 92.35% accuracy obtained through the use of the FUZZY method.

Ahmad et al. [123] conducted a study that presented a novel approach for determining the
cost associated with implementing a given function on an FPGA. This method was
subsequently utilised to assess the FPGA implementation of various circuits, based on their
respective latency and throughput. The findings of the study indicated that the latency and
throughput of four mathematical operations were 2382 clock cycles and 0.178 Mega
inversions per second, respectively. Paunski et al. [102] conducted a study that aimed to
compare the performance of several single board SoC (System on a Chip) systems for
automated applications. The study evaluated the operational performance of the Raspberry
Pi-3, Rock64, and LattePanda systems under similar conditions. The results indicated that the
LattePanda system consumed the least amount of power, at 3.6 watts, as compared to
Raspberry Pi-3, which consumed 7.5 watts. Additionally, the Rock64 system was found to
execute a face detection algorithm in 311 seconds, while it took the Raspberry Pi-3 system
757 seconds to perform the same task. These findings suggest that different SoC systems may
possess varying levels of power consumption and processing speed, which must be taken into

account when selecting a suitable system for a specific application.

In conclusion, previous research studies have utilised diverse approaches to realize
controllers for various industrial applications, including smart windows. Each implementation
method employs specific hardware and software based on the requirements of the
application. Some suitable hardware options include System on-chip (SoC), PC-based systems,
microcontrollers, and field programmable gate array (FPGA). Furthermore, programming
languages such as C, Python, and Fortran have shown efficient performance compared to
other programming languages. Key performance indicators for a controller include various
parameters such as latency, throughput, power consumption, and cost. The latency and the
throughput reflect the processing speed, while less power consumption and less cost are

crucial factors that determine the controller's efficiency.
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2.4.2 Image processing-based daylight evaluation (Image brightness and contrast)

The brightness is known as the total luminance in an image [134]. Mathematically, it
represents the mean value of the pixels intensity in a digital image. However, the intensity of
a pixel in an RGB image is the average of the red, green, and blue colour values [135]-[139].
The contrast indicates the disparity in luminance that makes things recognisable to human
eyes [134]. Mathematically, it can be determined by finding the room mean square of the

difference between local pixel brightness and global brightness of an image [136].

The traditional method to evaluate the daylight inside buildings is by using light sensors.
However, in previous research, brightness was a property of digital images that was exploited
to detect the visible light intensity in an environment. On the other hand, the contrast of a
digital image is used to assess the visual comfort of indoor environments. Determining the
real-time values of brightness and contrast for an environment scenes can reveal the quantity
of the available light as well as the quality of vision [140]. The brightness of individual pixels
in digital images reflects the quantity of daylight in a particular spot in a given environment.
In contrast, relying on light sensors in the traditional method doesn’t provide light intensity

at every point. Further, light sensors can’t reflect vision quality like contrast-based methods.

If an automated system with a digital camera is employed to detect the spatial daylight
intensity inside a building spontaneously, an intelligent system can act as an external observer
on the windows. Artificial intelligence evaluates the overall performance of windows
instantaneously. Consequently, the adjustable factors that impact window operation can be

tuned to maintain optimum performance and a comfortable visual environment.

Wang et al. [137] cited that relying on the detection of visibility from the image mimics the
vision in human eyes. Zhou et al. [138] emphasised that if an image is taken in low-level light
conditions, it may not be suitable for image-based luminance detection applications. Kim et
al. [141] developed a method to detect the discomfort glare in an office building
instantaneously. The method used a digital camera to capture high dynamic range images of
outdoor scenes through the window. Based on image-processing, it is possible to measure
the quantity of luminance, and the location of any external glare. The proposed method
utilised a roller to shade the glare source in response to the glare detection action. The result

shows that the shading process can mitigate the impact of discomfort glare and maintain
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comfortable vision for the occupants. Jakubiec [57] proposed an image processing-based
method to determine the value of discomfort daylight in an office environment. The method
relies on taking online high dynamic range images of the environment under assessment.
Image processing calculations estimate the brightness and contrast of the captured scenes.
Then the discomfort glare probability DGP can be extracted, which reflects the spatial
discomfort daylight in the office. In contrast, Bian et al. [142] emphasised that daylight glare
probability does not accurately reflect the visual comfort of occupants. Therefore, the study
proposed a contrast-based method to evaluate the visual perception of students while they
are looking at a blackboard in the classroom in a luminous environment. The result shows
that a contrast ratio over 1.3 measured for the blackboard reflects an undesirable reflected

glare.

In summary, the previously mentioned studies relate the brightness and contrast of
environmental scenes with the available daylight. In a similar manner, it is possible to
determine the quality of external views through windows. For normal, fully transparent
glazing, the quality of vision is guaranteed. However, this action could be useful for smart
glazing, such as the polymer dispersed liquid crystal films, as the transparency is lower and
challenges, the linking of occupants with the outdoor environments. On the other hand, since
the quantification method for the vision through PDLC windows (in chapter four) is based on
brightness and contrast analysis, it will be essentially necessary to implement an efficient
controller to handle image processing calculations to realise the quantification process. This

subject will be thoroughly discussed in chapter five.
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2.5 Summary

In this chapter, the concepts of smart windows and their role in mitigating energy loss in
buildings were discussed. Mainly, two types of smart windows were demonstrated. Firstly,
ventilated windows that use the wasted air in buildings to warm the glazing and reduce the
heat loss through it. This kind of smart windows faces a lack of wasted air challenge when it
is employed for facade buildings in very cold environments, which reduces its thermal
efficiency. In such conditions, special strategies for optimising the use of wasted air should be
developed to overcome this problem and ensure the performance of the window. Secondly,
polymer dispersed liquid crystal (PDLC) windows are used in hot regions to minimise the
greenhouse effect on buildings. Although PDLC films have the merit of constraining the level
of glazing transmittance, they have a negative impact on the quality of vision through the
glazing. Another challenge with such kinds of windows is that vision quality through glazing
has not been quantified by previous research. Therefore, two cardinal tasks are necessary for
PDLC windows: quantifying the vision through PDLC films and defining the minimum level of
transparency of PDLC films that ensures a minimum level of vision quality through the
window. To realise these tasks, implementing a controller is essential to managing the
operation of PDLC windows. Since vision through PDLC films is related to the instantaneous
transparency of the film and the brightness and contrast of scenes, the controller should
handle image processing calculations. Implementation techniques for embedded systems, in
addition to efficient hardware and programming languages, were demonstrated. The
challenge of implementing the controller for PDLC windows is achieving the given tasks in a

short time to ensure an appropriate operation for the window in practical applications.

40



Chapter 3: Optimising the use of building’s
waste air in double-glazed ventilated
windows for commercial buildings in cold
regions
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3.1 Introduction

As mentioned in chapter two, ventilated windows use the wasted air from buildings to warm
up the panes of the glazing to lessen the heat loss through the window. Further, in some
cases, the available resource of wasted air is not adequate to feed the window, and this
degrades the thermal performance of the window. In this chapter, strategies for optimising
the use of wasted air for ventilated windows are introduced. A multiple scenario experiment
was carried out in a small scaled room to investigate the thermal performance of a double-
glazed ventilated window. The proposed system, research method, experiment scenarios,
and results were demonstrated. The proposed system was modelled using special software,
and the simulation results were compared with the experimental results to show the validity
of the system. The thermal efficiency of the proposed window was evaluated based on the
heat transfer coefficient in different scenarios; therefore, the scenario that led to the

optimum utilisation of wasted air was pointed out.

3.2 Research method and experimental setup

3.2.1 The proposed system

Figure 3. 1 illustrates the suggested ventilated window that will be utilised to carry out the
experiment. A test room was fitted with a ventilated double-glazed window. A different small
and thermally insulated room was utilised to produce warm air, which served as the waste air
production room while executing the experiment. The room also contained an integrated
microcontroller heating system to regulated the temperature of the air. An amount of fresh
air from the external environment will be injected into the room instead of the warm air taken
during the execution of the experiment. In the test room, an air pump is used to introduce
the warm air from the waste air room into the bottom entry hole of the ventilated window.
Therefore, the air flows upwards towards the upper exhaust hole of the window and is
released to the exterior environment. The waste air room and the ventilated window input
and output holes are equipped with check valves to guarantee a unidirectional flow of air. As
a result of the check valves, the air can only flow in one direction, preventing any backflow of

air or unwanted mixing of air from the room and the outdoor environment.
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Three operating styles can be recognised for the suggested ventilated window: (1) if the air
between the glazing layers is maintained with no flow, the window behaves like a typical
double-glazed window; (2) if the air between the glazing layers is replaced by warm room air
at various intervals; or (3) continually, in which case the window will be switched to the forced
ventilation operation. The three operating ways of the proposed ventilated window are
covered in detail throughout the carried out experiments in the following sections, along with

how various cases impact the window's thermal efficiency.

Wasted air _@_ Outdoor Indoor

generation
room Check valves

=

\|/ External pane\
. —
—Q— Air pump |

Wall

Internal pane

Air
\Window

Test room

Wall

Figure 3. 1. The proposed double-glazed window with the ventilation system.

3.2.2 Methodology setup

The research methodology setup is depicted in Figure 3. 2 and is employed to run the
procedures, verify the validity of the experimental models, and assess the experimental
results. It is important to note that the current system has been built using two main models.
The test room model is the first one; it is a miniature version of the actual room that will be
utilised to run the experiment. A heat source will be placed inside the test room to be used
during the experiment. The output generated heat from the heat source will be demonstrated
using the second model, which is a heat source model. Alternatively put, the test room model
will receive the heat produced by the heat source model. A proof of concept experiment was

performed prior to carrying out the experimental examinations for the case in question. By
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employing the standard double-glazed window, the Design Builder software was used to
create a model of the experimental test room. When the proposed system is deployed,
showing the validity of the created model and the setup of the experiment will give a suitable
evidence setup for testing the suggested system and verify the validity of energy results of
the implemented experiments. It is important to note that the software lacks the features
necessary to model the suggested system. But the below information demonstrates the
research method that was set up in Figure 3. 2 and used in this chapter to accomplish the
goals: Well-calibrated sensors collect the initial conditions and other input factors from the
internal environments of the test models as well as from the external environment. The
collected information is shown in Figure 3. 2 as both indoor and outdoor measurements. For
interior conditions, the temperature of the test room is necessary for heat transfer numerical
analysis. In addition, the operational status of the heat source and air pump should be
recorded in order to calculate energy usage. A data logger can observe the ON intervals for
both devices. In order to carry out the modelling of the test room and heat source models by
Design Builder software, the weather data outside the test room should be prepared.
Temperature, humidity, wind speed, wind direction, and pressure are all aspects of the
outside weather. In the sections that follow, a unique tungsten filament calculation procedure
has been used to determine the mathematical model of the heat source. The test room model
was built using common heat transfer equations. The total thermal efficiency of the suggested
ventilated window was evaluated using heat transfer numerical analysis. The mathematical
test room model's input data are the heat source's mathematical model and the
measurements taken indoors and outdoors. To verify the validity of the system and assess
the window's overall thermal performance, the thermal efficiency of the test room model
obtained by the numerical analysis and that obtained by the Design Builder software
simulation have been contrasted. At last, energy calculations based on the experiment

outcomes have been used to confirm the study's goals.
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Figure 3. 2. Workflow and methodology setup.

3.2.3 Test room

A drawing of the experimental test room and the surrounding environment (atmosphere) is
shown in Figure 3. 3 (A). Inside a larger box is the test room; the area between the test room
and the outer box symbolizes the atmosphere. As a result, the experiments can be carried out
in a controlled setting. A standalone mechanical cooling device will regulate the temperature
of the atmosphere space. A cross sectional area for the experimental setup is shown in Figure
3. 3 (B). The air was pumped into the outer box using the mechanical air conditioning system,
spread throughout the atmosphere space, and then drained through tiny holes into the
exterior environment, maintaining a predetermined temperature. The test room benefits
from the outer box's gloomy environment, which makes it easier to study the heat leakage

via the window without being affected by solar radiation [143].
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Figure 3. 3. (A) The test room inside the outer box; (B) Cross-section diagram showing the
test room and the outer box with the cooling system.

The test room and the outer box in Figure 3. 4 where the experimental setup is depicted, have
been constructed from an insulation board. The board is made of double light slices of steel
with a thickness of (0.05 cm each) sandwiching a layer of polystyrene with a thickness of
4.9 cm and a thermal conductivity of 0.046 W /m. K. From the outer box to the mechanical

cooling system, a metallic hose with a diameter of 7 inches is laid to transmit the cooled air.

In Figure 3. 4 (A), the front side of the outer box has small holes; these holes allow the cooled
air to exhaust after it circulates in the ambient air. Figure 3. 4 (B) shows the outer box without
the front side; the test room with the ventilated double-glazed window is placed inside it.
Further, a weather station is hanging on the internal side of the right wall of the outer box;

this position will expose it to the proposed atmospheric conditions during the experiment.

Figure 3. 4. Setup of the experiment: (A) The outer box; (B) The test room inside the outer
box.
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Table 3. 1. Specifications of the test room and the outer box.

Component Parts values
Thickness of the polystyrene layer 49cm
Board
Thickness of the steel layer 0.05cm
Dimensions of the test room’s wall 55 x 55 cm?
Dimensions of the outer box’s wall 100 x 100 cm?
Length x width of the glazing 30 x 30 cm?
Window to wall ratio (WWR) 44 %
Glazing type Clear
Double glazed
Thickness of a glazing layer 04 cm
window
Thermal conductance for the glass 09 W/m.K
Distance between glazing panes 2cm
Outside reveal depth 0Ocm

Dimensions of the test room

45 x 45 x 45 cm3

Dimensions of the Outer box

90 x 90 x 90 cm?

Heat source

Input AC voltage 225V
Electrical resistance of tungsten filament at 25 °C 168 2
Mass of the base (the pottery) 0.53 kg

Heat capacity of the pottery

0.85 KJ/kg°C

The experiments use a typical tungsten-based heater as their heat source. It makes use of a
tungsten filament with an electric resistance of 168 () (at standard temperature of 25°C) that
is firmly installed on a mass made of 0.53 kg of pottery with a 0.85 KJ/kg°C heat capacity.

More information about the design of the test room, the double-glazed window, the outer

box, and the heat source is provided in Table 3. 1.

3.2.4 Data acquisition system

The outer box and the test room were equipped with a data acquisition system, as shown in
Figure 3. 5. An Arduino microcontroller (MC) was utilised to manage the operation of data

acquisition in the test room. A temperature sensor is connected to the MC to monitor the
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temperature inside the room. The heating device and the air-pump were connected to digital
output ports on the MC via driver circuits. The function of driver circuits is to sense the digital
status of the output digital ports (HIGH or LOW) and drive the heating device and the air pump

accordingly.

An SDRAM memory is interfaced with the MC to save the observed data. The MC was
programmed to record the ON duration of the heating device and the air-pump in addition to
the instantaneous values of indoor temperature with a time step of 10 seconds; then all data
should be listed in a text file to be stored in the SDRAM. On the other hand, a weather station
was used to measure the weather conditions in the atmosphere space between the outer box
and the test room. The weather station has a built-in data logging system to save the observed
data. The weather station is designed to measure outdoor temperature, humidity, wind
speed, wind direction, and pressure. Table 3. 2 shows the technical specifications for the

utilised microcontroller, temperature sensor, and the weather station.

Temperature sD
sensor ~  RAM

Microcontrolle

X r
Heating device Driver Driver Air pump
220V x1.27A circuit circuit 1.5 Watt
. Ambient temp., humidity, pressure and
Weather station other parameters for “epw” file setup

Figure 3. 5. Data acquisition system for the experimental model.
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Table 3. 2. Technical specifications.

Microcontroller Arduino UNO
Power supply 33-6VDC
Sensing element Polymer capacitor
idi _ 0, . _ ~
DHT22 Operation range humldlty 0 - 100 % RH; temperature -40 ~ 80
temperature Celsius
P .. humidity +-2 % RH (Max +-5 % RH); temperature
sensor Precision .
< +-0.5 Celsius

Resolution or sensitivity humidity 0.1 % RH; temperature 0.1 Celsius
Sensing period Average 2 sec
Communication range in open
field 100 m (300 feet)
Frequency 868 MHz (Europe)
Temperature range -40 °C—60 °C (-40 °F to +140 °F)
Accuracy +/-1°C

WS-8681 - .

MKI] Resolution 0.1°C

weather Measuring range (humidity) 1% ~99%

station Accuracy +/-4 % in range 20 — 80 % RH
Wind speed 0-50 m/s (0~ 100 mph)

+/- 1 m/s (wind speed < 5 m/s) +/- 10 % (wind

Accuracy speed >5 m/s)
Measuring interval thermo-
hygro sensor 48 sec

3.2.5 Test room model

A heat source is used to provide space heating in the experimental test room. Different

components inside the room, which serve as thermal loads, should receive the heat produced.

For example, a portion of the heat produced heats the interior environment and the pottery,

whereas the remainder is absorbed by the walls and window glazing. The equations presented

in this section, however, are those that Ghosh et al. suggested [144]. However, the equations

have been amended to take into account the heat that the pottery absorbs in accordance

with the specified heat system. The subscript "1" is adopted here for particular acronyms to

prevent repetition in the following sections.

QTungsten = ontl + Qg + Qroom1 + Qwa

Where:

(3.1)

®  Qrungsten: heat produced by the tungsten filament (W).
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® Qpor1: heat absorbed by the pottery (W).
e (g : heat leakage via the glass (W).
® Qroom1: heat absorbed by the environment of the room (W), it is calculated as

following:

dTin
Qroom1 = MroomlcairT (3.2)

¢ M,,om1: the amount of air inside the room (kg) = pairVroom1-

® p.ir: density of the air = 1.2250 kg/m3.

® V,oomi: the size of the test room.

e (,;r: heat capacity of the air = 1.006 kJ/kg°C.

e Tj,:temperature of the interior environment of the room in °C.

e (,1: heat transfer due to interior and exterior air convection and conduction via the

insulation board wall:

Qw1 = Up1Ap1(Tin — Tp) (3.3)

e U,,: combined heat transfer coefficient of the test enclosure’s wall with interior
and exterior air in (W /m?K).

1 L 1,5
Upr = -+ ¢+ 7] ! (3.4)

Where:
e h,: exterior convection heat transfer coefficients in (W /m?K):
e h, =57+ 8.8V,ina, Vwina: the wind speed in m/s.
e h;:inside convection heat transfer coefficients in (W /m?2K):
e h;=7W/m2K).
e L:thickness of the insulation board in meter.
e K:thermal conductance of the insulation board in W /m.K.
e A, :area of the insulation board in m2.

e T,:temperature of the atmosphere in °C.

Equation (3. 5) gives the glazing's heat transfer coefficient, or the U-value (Uy), after

equation (3. 1) has been solved to determine the value of (Qy):
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Uy= —2

9 A(Tin—To) (3 5)

The tungsten wire stops producing heat during the cooling interval. Since the pottery began
to release heat into the room as soon as it had absorbed the majority of the heat during the

heating phase, equation (3. 1) can be modified as follows to account for cooling conditions:

ontl = Qg + Qroom1 + Qw1 (3.6)

It is now essential to identify the mathematical model of the heat source, including the
tungsten filament and the pottery, in order to calculate the actual heat input to the test room
in the heating and cooling phases. In order to satisfy this demand, a new test room will be

built in the following section.

3.2.6 Heat source model

Finding the mathematical representation of the heat source, including the tungsten filament
and the pottery, is essential to calculating the actual heat input power to the test room in the
heating and cooling phases. An additional experimentation model was developed. The
tungsten-based heat source is housed inside a tiny box with the dimensions (0.245 * 0.175 *
0.375 m3). The box's walls are made of the same insulation board that was used to build the
test room. To make calculations simple, the box was built without windows to prevent heat
loss in the glazing. Moreover, the main purpose of the new model is to calculate the heat
source generation.

After disregarding the heat loss in the glazing, the formulas of the heat transfer model can be

used to describe the heat source model, so:

QTungsten = ontz + Qroom2 + Quz (3.7)

Where:
®  Qrungsten: heat produced by the tungsten filament (W).

®  (Qpotz: heat dissipation in the pottery (W):
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dTpo
ontz = Mpothot d_ptt (3.8)

Where:
e My, mass of the pottery = 0.53 kg.
e (o heat capacity of the pottery = 0.85 k] /kg°C.
e Ty, temperature of the pottery.

®  (Q,o0om2: heat stored inside the heat source model (W); it can be determined using

equation (3. 2) based on the given data of the internal environment of the test box.

e (,,: heat transfer due to interior and exterior air convection and conduction via
the insulated board wall, it can be estimated using equation (3. 3) according to the

given data of the test box.

Equation (3. 7) can be changed to fit the cool conditions as follows: throughout the cool phase,
the tungsten filament receives no electrical power, and the heat preserved in the pottery
begins to transfer to the room as it absorbs a large percent of the heat source generation

throughout the warming phase.

ontz = Qroomz + Quz (3.9)

The pattern of heat generation from the heat source will be determined and verified before
carrying out the experiment on the test box. In order to operate the heat source inside the
test box and monitor the temperature of the pottery-base, the probe of a K-type
thermocouple was directly attached to the pottery's body. In addition, two temperature
sensors were positioned inside and outside the test box to measure the temperature inside
and outside the room, respectively. An Arduino microcontroller manages the operation of the
calibrated sensors, as shown in Figure 3. 6. The SDRAM memory was necessary to store the

measured data during the experiment.
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(indoor) (pottery)
Microcontroller
SD Temperature sensor

RAM (outdoor)

Figure 3. 6. data acquisition system for heat source modelling experiment.

Figure 3. 7 shows the source's heat production after resolving equation (3. 7). Once the
electrical source is powered up, the amount of heat supplied increases and requires about
200 seconds to reach the steady state. In addition, the mean value of the supplied heat in

the steady state is approximately 117.32 watts over the course of 200 to 600 seconds.

Thermal power generated by the source

160
140
120
100

Thermal power (W)
&
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Time (sec)

—Experimental = =Theoretical average value

Figure 3. 7. Heat production of the tungsten filament heat source.
According to equations (3. 10) and (3. 11), Agrawal [145] calculated the generated steady state

heat P by the tungsten filament:
T,
R =R,( S/To)x (3.10)

v

2
P=—p — 3.11
Ro ("S/g, (3-11)

Where:
e R:electrical resistance of the tungsten filament at the steady-state temperature.

e R,:electrical resistance of the tungsten filament at the initial temperature, for the
implemented experiments, 25 °C and R, = 168 ().
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e T,: initial temperature of the tungsten filament in Kelvin, for the implemented
experiments, 25 °C or 298 K.

o T,: steady-state temperature of the tungsten filament in Kelvin, T; has been
determined experimentally by a K-type thermometer; it was 306 °C or 579 K.

e v:root-mean-square value of the input ac voltage = 225 volts.

e The parameter (x) is estimated to maintain the ratio (R/R ) equals to the ratio
]

(TS/T )* according to the equation (3. 10). The ratio of R/R is determined from the
(] (]

table of electrical resistance of tungsten filament on [146], in the range of
(298 to 579 K). However, based on the case under consideration, the most

appropriate match for the parameter x is 1.31.

By resolving equations (3. 10) and (3. 11), it can be seen in Figure 3. 7 that the source generates
123.46 watts of steady state heat. The difference between the mathematical and
experimental steady state values of the supplied heat, 123.46 vs.117.32 watts,
respectively, is acceptable. Further, it could be the result of omitting the heat absorption by
some components in the box, such as electrical wires and thermocouple wires. For purposes
of further consideration, it is therefore feasible to assume that the experimental model of the

heat source is accurate.

3.2.7 Simulation and validation of the experimental model

To confirm the validity of the experimental test room, a different experiment has been carried
out. The test room was subjected to the atmospheric temperature values represented by the
curve depicted in Figure 3. 8; the heat source was turned off. The weather station collected
the weather data on the outdoor environment, including temperature, humidity, pressure,
and wind speed and direction, while the heat sensor captured the temperature of the room's

enclosure.

As opposed to that, the test room model has been created using the Design Builder software
according to the specifications listed in Table 3. 1. Additionally, the weather data file, which
is necessary for the simulation, has been organized to reflect the experimental circumstances,

including the information gathered from the weather station. As the experiment was
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conducted in a gloomy environment (according to the experimental setup, the test room

inside the outer box), solar irradiation and illumination data were ignored.

As shown in Figure 3. 8, the temperature of the test room's enclosure was determined
throughout the experiment and through the simulation. The outcome demonstrates how the
simulated and experimental temperature of the test room's enclosure react to changes in
atmospheric conditions. Additionally, there is a 0.2°C difference on average between the
simulated and experimental room temperatures. As a result, it is reasonable to presume that
the experimental test room model will be taken further into account when the suggested

ventilation system is implemented.
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Figure 3. 8. The experimental and simulated temperature of the test room.

3.2.8 Experiment scenarios

The scenarios demonstrated in Table 3. 3 have been carried out in the experimental test
room, and a data logger and an embedded control system were developed. In all cases, it is
proposed that the velocity of waste air be 2000 cc/min, based on the technical specifications
of the utilised air pump. The suggested ventilated double-glazed window will be supplied with
the waste air. The main challenge in each scenario is to use the least amount of the obtainable

waste air; the remainder can then be used for other windows. As a result, more heat loss that
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is caused by windows can be minimized, and total energy savings will be maximized
accordingly. The use of waste air per single ventilated window will be carried out according

to the following proposed techniques:

i.  As the air pump was turned off in the first scenario, the window operated according to
the standard double-glazed approach. Other scenarios will be referred to this case.
ii. Inscenario 2,3, and 4, the air pump operates in a duty-cycle of 50% as follow:

a. Based on the provided dimensions of the suggested double-glazed ventilated window
and the highest obtainable velocity of the waste air (2000 cc/min), the air pump
should operate for 54 seconds in order to drain out the air in the gap between the
panes of the window and substitute it with the waste air. Thus, through one operating
cycle, the air pump ran for 54 seconds, then powered off for 54 seconds periodically.
In other words, the frequency of on-off air pump operation was (1/108 Hz) in
scenario 2.

b. The frequency of on-off air pump operation was raised to (1/20 Hz) and (1/10 Hz) in
scenarios 3 and 4, respectively.

iii.  The air pump operates continually, i.e., with duty-cycle of 100%, with various air
velocities. For the fifth through eighth scenarios, the waste air flow rate was changed to

2000 cc/min, 1000 cc/min, 666 cc/min,and 500 cc/min, respectively.

Throughout every scenario, the test room will transition between two thermal transfer
conditions: heating and cooling. The heating phase begins at a room temperature of 22°C.
The final temperature during the heating phase is to heat up the room to 27°C before turning
off the heat source. The test room will be subjected to the atmospheric circumstances during
the cooling phase. The cooling duration is the amount of time needed for the room's

temperature to drop to 22°C.

The outcomes of the experimental scenarios will be illustrated in the following subsections,
along with an analysis of the effects of (1) the air pump's duty-cycle and on-off operation

frequency and (2) the velocity of the waste air on the window's thermal efficiency.
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Table 3. 3. Scenarios of the experiment on the test room.

Pump
Air Pump Initial room | Target room | Final room
on/off
No. | velocity duty temperature | temperature | temperature
frequency
(cc/min) | cycle (°C) (°C) (°C)
(Hz)
1 0 0% 0
2 2000 50 % 1/108
3 2000 50 % 1/20
4 2000 50 % 1/10
22 27 22
5 2000 100 % 0
6 1000 100 % 0
7 666 100 % 0
8 500 100 % 0

3.3 Results and discussion

The test room inside the outer box has been used to conduct the experimental scenarios
shown in Table 3. 3. To keep track of the weather, the weather station was installed in the
atmospheric area between the two boxes, as described earlier. The temperature sensor has
also recorded the test room's temperature every 10 seconds. In all cases, the temperature

of the waste air was 24.5°C.

The temperature of the test room's enclosure is shown in Figure 3. 9 with the air pump turned
off. In this case, the window performs the same function as a typical double-glazed window.
While conducting the energy calculations, the outcomes from other scenarios will be referred
to this case. As shown in the figure, it took 100 seconds of continuous running of the heat
source throughout the heating time to raise the room temperature from 22°C to 27°C.
Following 3390 seconds of the cooling phase, the room's temperature dropped to 22°C once

more.
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Figure 3. 9. Temperature of the test room in scenario 1.

For scenario 2, 3, and 4, test temperature is shown in Figure 3. 10. The window operates
under forced ventilation conditions and functions as a double-glazed ventilated window.
Throughout the heating time of the mentioned scenarios, the heat source needed
100 seconds to run in order to increase the room's temperature from 22°C to 27°C.
However, after 4690,4830, and 4870 seconds, the room's temperature dropped to 22°C

once more throughout the cooling period in the scenarios 2, 3, and 4, respectively.

The temperature of the room's enclosure for scenarios 5, 6, 7, and 8 is shown in Figure 3. 11.
The window operates under forced ventilation conditions and functions as a double-glazed
ventilated window. Following 100 seconds of operating the heat source throughout the
heating duration, the room's temperature rose from 22°C to 27°C. On the other hand, the
room temperature declined to 22°C once more throughout the cooling period after

7230,6420,5120,and 4050 seconds in the mentioned scenarios, respectively.
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Figure 3. 10. The temperature of the test room in scenarios 2,3, and 4.
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Figure 3. 11. The temperature of the test room in scenarios 5,6, 7, and 8.
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Starting with a temperature of 22°C, a highest targeted temperature of 27°C, and ending
with a temperature of 22°C, the test room's temperature always falls within the same range
in all scenarios. However, because each scenario's circumstances for heat transfer were

unique, the cooling duration varied between scenarios.

Due to the fact that different scenarios' heating and cooling times were not identical, each
experiment's input heat power was different because the source needed 200 seconds to
approach its steady-state response. Alternatively, during the heating phase, further operation
of the heat source causes higher heat generation. In contrast, during the cooling phase,
further cooling time leads to lower supplied power. The average heat transmitted from the
source to the test room will be calculated for every scenario throughout the heating and
cooling periods in the steps that follow. The total heat transmitted from the heat source to

the room is essential to estimating the heat loss in the glazing.

The test room's heating and cooling times revealed by the experiments are listed in Table 3.
4. Heating times in all scenarios are almost equal because the start and end room
temperatures are the same during the heating phase of the experiment. In order to avert
producing duplicate outcomes, the mean value of the heating periods (594 seconds) will be

taken into account in the calculations that follow.

Table 3. 4. Times of heating and cooling phases.

Scenario 1 2 3 4 5 6 7 8

Heating interval
560 | 600 | 605 | 610 | 610 | 600 | 610 | 560
(seconds)

Cooling interval
2830 | 4090 | 4225 | 4260 | 6620 | 5820 | 4510 | 3490
(seconds)

Throughout the heating phase, turning to equations (3. 1) and (3. 7), the dissipated power in
the pottery in the test room and in the heat source box is equivalent (Qpot1 = Qpor2), as the
amount of heat absorbed by the pottery is equal in each case; therefore, the heat generated

by the source can be defined as follows:
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Heat supplied to the test room during heating period = Qryngsten — Upotz =

Qroomz T Qw2 (3.12)

Furthermore, turning to equations (3. 6) and (3. 9) that define the cooling phase, the
dissipated power by the pottery in the test room and in the heat source box is not equated
(Qpot1 # Qporz), as the temperature variance between the pottery and the room is not

equivalent in the two experiments.

To conquer this obstruction, the variance in the dissipated power in the pottery AQ,,: may
be determined in terms of the mean temperature differences (Tpot1a0 — Troomiar =
44 - 24.5 = 19.5°C) and (Tpot2av — Troomzav = 44 - 28.6 = 15.4°C), therefore, AT, , =
19.5 - 15.4 = 4.1°C isthe temperature variance that creates the difference between Q¢4
and Qpotz, in Which Ty4t14 @and Trom1qv are the mean temperatures of the pottery and the
room in the test room, while T2, and Typom24v are the mean temperatures of the pottery

and the room in the heat source box. Therefore:

d(ATy2)
dt

Aont = ontl - ontz = Mpothot (3.13)

Thus, the heat provided to the test room throughout the cooling phase is:

Heat supplied to the test room during cooling period = Qpot1 = Qroomz + Qw2 +

AQpot (3. 14)

The heat source was activated for 100 seconds in each experiment to jump to the desired
temperature (27°C). Further, scenario 5 needed the highest delay (7230 sec) to bring the
test room temperature down to (22°C). In order to estimate the mean heat provided to the
room throughout heating and cooling phases in various scenarios, a different experiment has
been carried out. The temperature of the room, the pottery, and the exterior environment
were recorded over a period of 7230 seconds following the activation of the heat source
inside the box for 100 seconds. Using the collected information, the equations
(3. 12) and (3. 14) have been solved. As a result, Table 3. 5 shows an estimate of the heat

provided to the test room throughout the heating and cooling phases.
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Table 3. 5. Input heat throughout heating and cooling phases.

Mean time Average Cooling intervals
Scenario Mean heat power (Watts)
heating phase | heat power (seconds)
1 2830 5.1
2 4040 4.68
3 4090 4.43
4 4230 4.32
594 seconds 6 watts
5 6460 4.36
6 5700 4.25
7 4500 4.51
8 3610 4.86

Back to equations (3. 5), it has been calculated how much heat is lost through the window
(Qg4) and how much heat is transferred (Uy) during the experiments. Figure 3. 12, Figure 3.
13, and Figure 3. 14 explain the heat transfer coefficient and heat loss in the window in the
scenarios that were put into practice. It is noted that glazing U-value and heat loss change in
the same manner as room temperature because the atmospheric temperature is set to 17°C
permanently and only room temperature is changed throughout the experiments.
Alternately, they react in accordance with the temperature variance between the room and
the atmosphere based on equation (3. 5). The mean values will be taken into account when

examining the glazing's thermal performance under various conditions.

Thermal performance of the window (pump off)
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Figure 3. 12. Glazing heat transfer coefficient and heat loss in scenario 1.
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Figure 3. 12 illustrates the typical double-glazed window's thermal efficiency. As the
temperature variance between the room and the atmosphere increased, heat loss and the
heat transfer coefficient of the glazing dropped, displaying an improvement in thermal
performance throughout the heating phase. On the other hand, as the room temperature
dropped throughout the cooling phase, thermal performance declined. However, the U-
value's lowest and highest noted values are 1.7 W/m?K and 7.69 W /m?K, respectively,

while the glazing loss's lowest and highest noted valuesare 1.52 W and 3.46 W, respectively.

The thermal efficiency reacts to the temperature variance in a similar way for scenarios 2
through 8, as shown in Figure 3. 13 and Figure 3. 14. The U-value of the glazing ranged from
3.24 to 2.86 to 2.89 to 3.06 to 2.46 to 2.36 to 3 W /m?K on average, respectively. These
values, however, show divergent efficiency in the experiments. After the estimations for
energy consumption are accomplished, the relationship between thermal efficiency and the

system's inputs in various experiments will be examined in the sections that follow.
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Thermal performance of the window (at 2000 cc/min, 50% duty cycle and f= 1/108)
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Figure 3. 13. Glazing heat transfer coefficient and heat loss in scenarios 2, 3, and 4.
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Thermal performance of the window (at 2000 cc/min and 100% duty cycle)
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Figure 3. 14. Glazing heat transfer coefficient and heat loss in scenarios 5, 6,7, and 8.
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The experiment's energy computations are shown in Table 3. 6. Input energy consumption of
the heat source was the same across all scenarios because the heat source's operating time
was constant (100 seconds). With the exception of scenario 1, where the air pump consumed
no energy as it was off, the pump's energy use is calculated as the product of its input (1.5 W)
and the related experiment time. The energy used for the heat source and the pump

determines the overall energy usage.

Table 3. 6. Energy calculations.

Air-pump operation
Experiment Heating Pump Total
Duty
Scenario Flow Frequency duration consumption | consumption | consumption

cycle

(cc/min) (Hz) (sec) (W.sec) (W.sec) (W.sec)
%
1 0 0 0 3390 0 27940
2 2000 50 1/108 4690 3517.5 31457.5
3 2000 50 1/20 4830 3622.5 31562.5
4 2000 50 1/10 4870 3652.5 31592.5
27940

5 2000 100 0 7230 10845 38785
6 1000 100 0 6420 4815 32755
7 666 100 0 5120 2560 30500
8 500 100 0 4050 2025 29965

Table 3. 7 also illustrates the experiment's computations for energy conservation. As was
already mentioned, various scenarios have different experimental periods. Consequently,
energy usage in various cases should be compared to the first scenario (typical double-glazed
window) in accordance with the time in order to determine energy conservation in different
cases. The experiment time, for example, is 1.38 times greater in scenario 2 than it is in the
first case. In comparison to the reference scenario, the second scenario's energy usage is
(31457.5 / 1.38 = 22737.9 W.sec). Alternately, whenever the test room runs under the
circumstances of the second scenario for 3390 seconds (the experiment time of the first
case), energy usage will be 22737.9 W.sec. In the same manner, energy conservation was

calculated for the remaining scenarios, as illustrated in the table.

67




Table 3. 7. Computations of energy conservations.

Number
Energy of Total energy
Energy
Energy usage w.r.t. conservation | windows conservation
Scenario conservation
1%t scenario (W.sec) per one shared the | w.r.t. 1% scenario
(W.sec)
window (%) | attainable (%)
velocity
1 27940 | seeeees | meeeeee | eeemeee | meeeees
2 227379 5202.1 18.62 2 37.24
3 22152.6 5787.4 20.7 2 41.4
4 21991.5 5948.5 21.3 2 42.6
5 18185.5 9754.5 34.9 1 34.9
6 17295.9 10644.1 38.1 2 76.2
7 20194.3 7745.7 27.7 3 83.1
8 25081.8 2858.2 10.2 4 40.8

Additionally, the carried out scenarios have been compared to scenario 1 to estimate the

energy conservation in a single window. In scenario 6, the greatest energy conservation of

38.1% was attained when air velocity was 1000 cc/min. However, in some cases, as

depicted in the table, the window used some of the attainable waste air. In this situation, it

can be presumed that additional windows in the building can receive the leftover air at the

same time to further reduce energy use. As a result, the following scenarios can demonstrate

total energy conservation:

1. The air pump operates at 50% duty cycle in scenarios 2, 3, and 4, so the velocity of waste

air is sufficient to supply two windows, doubling the total energy conservation.

2. In the fifth experiment, a single window was ventilated by the available waste air, so the

total energy conservation remained at 34.9%.

3. Two windows can be fed by the attainable waste air resource in the sixth experiment since

the velocity of the utilised waste air was only 1000 cc/min. As a result, total energy

conservation will increase by twofold.
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4. By using an air velocity of 666 cc/min for the window in the seventh scenario,
2000 cc/min is sufficient to supply three windows. Total energy conservation will triple
accordingly.

5. In the eighth scenario, the air velocity was 500 cc/min, which was sufficient to provide
enough supply for four windows. As a result, the energy savings across all four windows

will be four times higher.

The experiment aimed to optimize energy conservation by controlling the waste air through
two different methods. The first method involved setting the pump duty cycle to 50 % in
scenarios 2,3,and 4. The pump was turned on and off at various intervals within its duty
cycle. The thermal efficiency of the ventilated window under this on/off interval control is

illustrated in Figure 3. 15, and further information are provided in the below three situations:

1. When the air pump operated for 54 seconds within one duty cycle, the heat transfer
coefficient of the glazing decreased from 3.82 to 3.24 W /m?K, leading to an energy
conservation of 37.24% in comparison with a standard double-glazed window. However,
it was observed during the experiment that switching off the pump for 54 seconds within
one duty cycle could result in significant heat leakage via the window. Therefore, it was
decided to lower the on/off intervals for the air pump within each duty cycle in
subsequent steps.

2. By adjusting the on/off durations of the air pump to 10 seconds per duty cycle, the
system demonstrated a significant enhancement in its heat transfer coefficient, which
decreased to 2.86 W /m?K. This modification also led to an energy conservation of
41.4 %.

3. By adjusting the on/off durations of the air pump to 5 seconds per duty cycle, the thermal
efficiency of the system reached a point of saturation, achieving an energy conservation
of 42.6% and a heat transfer coefficient of 2.8 W /m?K. This was the best efficiency
achieved by on/off duration control. Further reduction of the on/off intervals was not

possible as it was not feasible to turn the pump on and off within less than 5 seconds.

69



Window performance vs pump operation repetition control
4 45
3.5 40
g 3 35 %
£, 30 =
= 5 S
= 3 o
o 20
21s s §
= o
51 10 5
0.5 5
0 0
1/108 1/20 1/10
Pump operation repetition per sec
I U-Value of ventilated window I Overall energy saving = — U-value of conventional double-glazed window

Figure 3. 15. Thermal efficiency of the ventilated window using on/off duration control.

The second method used in the experiment involved setting the air pump duty cycle to 100%
in scenarios 5,6,7,and 8, while adjusting the air velocity supplied to the window. The
thermal efficiency of the glazing under this flow rate control is illustrated in Figure 3. 16, and

further details are provided in the below four situations:

1. When the air velocity was adjusted to 2000 cc/min, the heat transfer coefficient of the
window decreased from 3.82 to 3.07 W /m?K, resulting in an energy conservation of
34.9% in comparison with a standard double-glazed window.

2. Atan air velocity of 1000 cc/min, the heat transfer coefficient of the window decreased
to 2.46 W/m?K, and an energy conservation of 38.1% was achieved. Since the
attainable waste air can supply two windows, it is possible to achieve a total energy
conservation of 76.2%.

3. At an air velocity of 666 cc/min, the system demonstrated a slight improvement in the
heat transfer coefficient of the glazing as well as a remarkable energy conservation of
83.1%. It's important to note that the attainable air velocity was sufficient to feed three
windows at the same time.

4. When the air velocity was set to 500 cc/min, the U-value of the glazing decreased,

resulting in a total energy conservation of 40.8%.
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Window performance vs flow rate control
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Figure 3. 16. Thermal efficiency of the ventilated window using air velocity control.

To summarize the strategy used in the scenarios performed, when distributing the waste air
via selecting the optimal on/off duration for the pump (in scenarios 2 to 4), the first duration
should be chosen to totally fill the gap between glazing panes every time the pump is run.
Subsequent tries should be made using progressively shorter intervals until the shortest
achievable duration for the air pump is reached. There is more heat loss via the window when
the pump is off due to longer on/off cycles. However, the interval that results in the greatest
amount of energy conservation is the optimal interval. When sharing the waste air by splitting
the flow (in scenarios 5 to 8), several tries should be carried out on only one window, dual
windows, triple windows, etc., until the optimal number of windows is determined that yields

the greatest energy conservation.

In general, the proposed procedures for optimal usage of waste air are illustrated in the
flowchart in Figure 3. 17. The flowchart begins by evaluating the expected energy savings S,..¢
when the typical double-glazed window is employed. The right column of the flowchart
demonstrates the first method, which relies on setting the duty cycle of the air pump to 50%
and then calculating the overall energy conservation with different on/off times set for the
air pump, which are S;,S;;1,Si+2, - ...etc. On the other side, the column on the left of the
flowchart represents the second method of waste air management, which relies on sharing
the air with one or multiple windows, as explained formerly. Similarly, the overall energy
savings are calculated in different cases, which are §;, Sj11, Sj 42, . ... etc. In each method, the

process stops in an iteration if the calculated overall energy savings is less than that in the

reference case (S,of). Finally, the calculated energy savings in both methods
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SiySiv1,Sig2, - -€tc.and S, 8544, Sj12, . ... etc. will be compared to that in the reference case
(Srer); the highest energy savings will be pointed out to the optimal case. The flowchart can
be used for already constructed buildings or in the initial design stages of buildings to
determine the optimal tactic that should be employed to optimally use the waste air in
window ventilation. It is worthy to mention here that the procedures in the flowchart can be

done manually or by employing the available special software.

The primary difference between scenarios 2 to 8 and the initial scenario is that forced
ventilation increased the flow rate and temperature of the air in the glazing gap of the
window, resulting in improved thermal performance. This alteration impacts the rate of
convective heat transfer through the glazing panes, as noted in [90]. Additionally, the findings
indicate that the cooling period of the test room is influenced by the pump's on/off duration,
the velocity of the waste air, and how many windows can be supplied with the waste air. An
example of the system's optimal efficiency was observed when three windows were sharing
the attainable flow rate of 2000 cc/min. This configuration led to a decrease in the thermal
conductivity of the window, allowing the room to preserve the target range of its

temperature for a more time.

The suggested system demonstrated that the U-value of the glazing can be controlled by
effectively managing the utilisation of the attainable waste air, provided that other factors
affecting thermal performance remain constant. However, it should be noted that this study
only examined the impact of heat transfer because of conduction and convection. For
example, solar irradiation can also have a significant effect on the thermal efficiency of the
glazing. A growing in the exterior temperature can lead to a decrease in the temperature
variance between the interior and exterior environments, which in turn can result in a
reduction of the overall heat loss through the window, leading to a reduction in the total heat
loss of the glazing. Applying the suggested approach in hot areas could also be a viable option
for reducing building cooling demands. In such cases, the chilled air would be used to ventilate
the double-glazed window. However, the effectiveness of window ventilation can be reduced
due to greenhouse effect resulting from solar radiation, which increases cooling demands, as

indicated in previous studies [147]-[149].
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Figure 3. 17. Flowchart of waste air usage optimisation process.
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The proposed methods of managing waste air can be influenced by different variables. For
example, the number of residents in the building can affect the amount of air that needs to
be changed per hour, and thus, affect the amount of attainable waste air. Increasing the
velocity of the waste air can reduce heat conduction and convection via the glazing, leading
to greater energy conservation. Moreover, when the difference between the desired interior
temperature and the exterior temperature is large, the heat leakage via the glazing increases,

necessitating a higher velocity of waste air to maintain the same amount of heat transfer.

In contemporary building design, it has become essential to select windows with a big
window-to-wall ratio (WWR) to sustain a satisfactory level of visual comfort, allowing for
exterior scenes and providing a naturally lit indoor environment for people inside. However,
the larger window sizes present a challenge for achieving a higher velocity for the ventilation
process. Hence, such scenarios highlight the significance of effective management of the

utilisation of waste air in structures.

Other research has utilised the circulation of warm air within the gap between the glazing's
panes as a means to enhance the effectiveness of double-glazed windows. One example is
the study conducted by Nourozi et al. [90], which found that increasing the speed at which
the air circulates can result in a decrease in the window's heat transfer coefficient. This
conclusion was explicitly outlined by the authors. The researchers created a sophisticated
design and incorporated Argon gas to lower the thermal conductance of the window. They
also utilised a distinct heat exchanger to preheat the air prior to injecting it into the window.
This approach led to a significant reduction in the heat transfer coefficient, achieving an
impressive level of efficiency with a value of 0.2 W /m?K. This outcome is reasonable
considering the additional resources invested in the project. Nevertheless, the intricacy of
their system may be more suitable for implementation in absolutely cold countries. The main
point that the present research aimed to convey, however, was that in regions with typical
climates where highly efficient windows may not be necessary, the experiment outcomes, in
combination with the mathematical model of the heat transfer system, demonstrated that
the suggested system for managing wasted air could lead to energy savings of up to 83.1% in
heating loads. In the case of an already-constructed building, the suggested methodology may
offer a more accessible and cost-effective alternative to replacing the existing windows with

triple-glazed or other modernistic types of windows.
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As previously noted, raising the flow rate and temperature of waste air can enhance the
overall thermal efficiency of ventilated windows [90]. However, increasing the air velocity
necessitates a higher flow rate, which in turn necessitates a greater quantity of waste air. The
amount of waste air volume that is accessible within a building is identified by the assigned

air change per hour of the forced ventilation system as well as the number of occupants [96].

In the current study, the test room runs under no-lighting conditions to eliminate the impact
of solarirradiation on the thermal efficiency of the window. However, in real-world conditions
where ventilated windows are subjected to solar influence, heat storage within the building
will be inflated because of solar irradiance. As a result, the total thermal performance of the

suggested system is likely to be even greater.

Organizing tactics for using the waste air suggested in the current study rely on distributing
the accessible waste air to supply the greatest possible number of windows to accomplish the
greatest energy conservation. Thus, the primary challenge that the suggested system may
encounter is the accessibility of waste air, irrespective of the approach used to distribute the

air among the windows.

Based on the results of scenario 7, the proposed system achieved optimal efficiency, resulting
in an energy conservation of 56.5 kW h in the heating load of the three miniature test rooms
in a single year. Similarly, if a real-sized room with dimensions of 6 x 5 m? and a height of 3 m
is provided with the suggested ventilated window, it could result in an energy savings of
40.6 MW h annually. Moreover, for a building comprising 30 rooms, the energy savings could

reach up to 1.22 GWh per year.
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3.4 Summary

This study focuses on optimizing the utilisation of waste air in the ventilation of the double-
glazed windows to accomplish maximum energy savings in heating demand. Two techniques
were used for the optimization procedure, both of which depend on distributing the waste
air among multiple windows. One technique involves dividing the operation of the air pump
based on time, where the air pump supplies more than one ventilated window, one at a time,
repeatedly. The other technique involves simultaneously distributing the accessible waste air
to various windows. The thermal efficiency of the window was assessed through experiment
outcomes and the heat transfer numerical model. The primary conclusions of the research

are:

1. To optimize the reduction of energy consumption for heating demand in buildings, it
is possible to distribute the waste air to various ventilated double-glazed windows.

2. The study evaluated two ventilation methods, and the first method proved to be the
most effective at saving energy, achieving a 50% reduction in energy consumption
when the waste air was distributed to two windows in a cycle of 10 seconds on and
off. Compared to standard double-glazed windows, this method resulted in a 42.6%
energy savings and reduced the U-value from 3.82 W /m?K to 2.8 W/m?K.

3. The study also evaluated a second ventilation method and found that it provided the
best thermal efficiency when the waste air was distributed simultaneously to three
double-glazed windows using the accessible air velocity. This method resulted in a
significant 83.1% energy savings in comparison with standard double-glazed windows
and reduced the U-value from 3.82 W /m?K to 2.36 W /m?K.

4. The study introduced the flowchart in Figure 3. 17 which involves the general
procedures that can be employed in practical applications. The process can be used
for in-use buildings or buildings under construction to determine the optimal method

for waste air management.
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Chapter 4: Quantification of visual
comfort through polymer dispersed

liquid crystal double-glazed windows

77



4.1 Introduction

It is mentioned in chapter two that the polymer dispersed liquid crystal (PDLC) films are an
efficient solution to mitigate energy consumption in hot regions. When a PDLC film is affixed
to the traditional glazing of a window, it restricts solar radiation from accessing the internal
environment. Hence, the greenhouse effect will be less, and this will lead to a lower need for
cooling loads. However, lowering the optical transmittance challenges the visual quality
through the glazing. In this chapter, two main points will be addressed. Firstly, developing a
new method to quantify the visual quality via the PDLC windows and, secondly, determining
the threshold value of visible transparency that maintains a minimum acceptable visual

quality via the window.

This chapter suggests an approach using image processing to measure vision quality via PDLC
windows. Experimentally, the suggested method was used on a double-glazed window with
polymer dispersed liquid crystal (PDLC). The system instantly evaluates the contrast range
that is available for views seen via the window. In order to retain the preferred level of vision
within the identified vision range, the system modifies the PDLC film's biasing voltage. To
ensure the comfort of the occupants, a preferred vision ratio (PVR) is suggested to be chosen
by the occupants. Experimental research has been done to determine how the PVR ratio

affects solar heat gain, daylight performance, and vision quality.

4.2 Research Method

Figure 4. 1 shows the functional diagram of the suggested instant vision quantification system.

It has two models: a model for image processing and a model for mathematics.

a. In order to create the image processing model, an artificial eye, for instance, an HD camera
module, takes a series of pictures from interior environment of a room toward the exterior
scenes via a PDLC double-glazed window. Every 30 minutes, sixteen images will be taken in a
set. Each image is captured using a different setting for PDLC optical transmission, ranging

from opaque to transparent. Following that, a proposed algorithm will be used to extract the
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contrast value of the images one by one and finds the pair values of optical transmittance and
contrast.

b. In order to create the mathematical model, an instant contrast slope will be derived
between contrast values and the functioning transparency at each time the experiment is
executed during the day. The minimum and maximum permitted values of image contrast at
a particular time will be used to identify the vision comfort band. This will have an impact on

the optical transmission of the PDLC film set and result in new transparency span constraints.

\\\

s Image contrast
Digital images

algorithm

Image processing model J

Comfort vision Contrast vs visible
band . transmission curve

Mathematical model /

O U e\
y,

Vision quantification model Yy,

Figure 4. 1. Functional diagram of the proposed visual comfort quantification system.

4.2.1 Research method setup

As shown in Figure 4. 2, the experiment setup comes with a test room in addition to a data
acquisition system consisting of sensors and data loggers needed for both internal and
external measurements. A spectrometer tool was used in the lab to measure the glazing's
optical characteristics. In order to employ the experimental exterior weather conditions for
the simulation, a weather data file is also required; however, three types of data are needed

to setup the file of weather data. First off, humidity, temperature, atmospheric pressure, wind
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speed, and direction are all included in exterior weather data. Second, information on sunlight
irradiation includes global vertical and horizontal irradiance as well as diffused horizontal
irradiance. Furthermore, the direct normal irradiance (DNI) is additionally required for the
preparation of the weather data file; equation (4. 1) [150] has been adopted to predict the
DNI.

GHI — DHI
DNI = o5 @) (4.1)

Where:

e DNI is the direct normal irradiance in W/mz'
e GHI is the global horizontal irradiance in W/mz'
e DHI is the diffused horizontal irradiance in W/mz'

e (isthe Zenith angle in degrees.
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Figure 4. 2. Setup of the proposed visual comfort quantification method.

Third, the data on illumination includes direct normal illuminance, diffused horizontal
illuminance, and global horizontal illuminance. The IESNA method by the engineering society
of north America, as recommended by Kandilliand Ulgen [151], provides a proper estimation

for the obtainable illumination in solar radiation for any given day of the year. The formulas
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(4. 2) through (4. 7) below explain the illuminance determination processes according to the

IESNA approach.
Exr = G {1 + 0.034cos[ 2= (n — 2)]} (4.2)
Where:

o Eyristhe extra-terrestrial illuminance.
® (G is the solar illuminance constant.

e 1 represents the numerical value of a specific calendar day within the year.
Consequently, the direct normal illuminance Ep can be predicted in equation (4. 3).
Epy = Exrexp(—cm) (4.3)
Where:

e m s the air mass, it can be determined by the following formula:

m=— (4. 4)

sin(xg)

e g isthe angle of altitude in degree.
e The small “c” in equation (4. 3) is a constant, it can be obtained from Table 4. 1 based
on the state or appearance of the sky. Then, direct horizontal illuminance Epy is

predicted using equation (4. 5).
EDH = EDN Sin(OCS) (4 5)

According to the clarity of the sky, the diffuse (or sky) horizontal illuminance Exy can be

determined by equation (4. 6).

A, B and C are constants, their values depend on the clarity of the sky which is classified into

cloudy, partly cloudy, and clear. Table 4. 1 demonstrates the values of sky constants in
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different conditions. It is noticed that for a cloudy sky, the direct sun radiation has no value,

thus, EDN = 0.
Table 4. 1. Constants of sky clarity.
Clarity c A (Klux) | B (Klux) | C (Klux)
Clear sky 21 0.8 15.5 0.5
Partly cloudy sky 0.8 0.3 45
Cloudy sky Direct radiation =0 0.3 21

Lastly, the total illuminance E fall on the horizontal surface is described by equation (4. 7).

E = EKH + EDH (4 7)

The test room's temperature and lighting level are measured experimentally indoors in order
to assess the system's performance and validate it. In addition, digital images will be taken
via the test room window and sent outside, where they will be processed using the suggested
vision quantification model to instantly estimate the visual comfort band. The commercial
Design Builder software's weather data file has been prepared using measurements of the
exterior environment. The energy model was created using the software Design Builder. To
accomplish the simulation, the model was fed with experimental weather conditions data and
optical properties. The experimental model has been validated, the experimental result has
been verified, and the system's performance has been assessed using both simulated and

experimental data as well as the results of the quantification procedure.

4.2.2 Image processing calculations

For contrast estimation, the RMS contrast approach in equation (4. 8) is employed [152].

RMS Contrast = \/MiN Yo 2N e Uiy — D? (4.8)

Where:

M and N are the count of vertical and horizontal lines of the image I respectively which

reflect the position of pixels in the image.
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I;j is the mean of pixel’s value in the column number i*" and the row number jt*, or the

brightness of the pixel [;;.

[ is the mean brightness of the image I and it is expressed in equation (4. 9) within the interval
or range of zero to one.

= 1 M=% N) —
’=m2§=o ) L (4.9)

Each image in Figure 4. 3 was captured following the adjustment of the AC excitation of the
PDLC within its input rating (0 to 200 V), as displayed in the figure. The images were taken in
an outdoor environment throughout the day on a sunny day via a double-glazed PDLC window

with different optical transmission levels.

|

@30V @20V @10V @oVv

Figure 4. 3. The captured digital images during the experiment with various PDLC
excitations.
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The contrast values for the taken images in Figure 4. 3 were computed; each contrast value
corresponds to a particular PDLC excitation. Figure 4. 4 shows the relation between the
contrast and the input excitation. The curve can be broken down into three distinct regions.
In the first part, from the least contrast value (G, ) to point (C,), the contrast is undoubtedly
minimal because the PDLC film excitation is low and it is in an opaque state. In the second
part, which is between the (C,) point and the threshold contrast point (C;). However,
contrast values are significantly rise as the input excitation increases. The contrast begins a
saturation response against the input voltage in the third region, which is extended from the

threshold contrast point (C;;,) to the highest contrast point (Cy,qx)-
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! Vinj | V2
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Figure 4. 4. Relationship between the contrast versus PDLC excitation (contrast curve).

The threshold value of contrast (Cy;), which was schematically estimated from the contrast
vs. voltage slope, is 0.48, above which the vision is accounted to be comfortable. This point
does not, however, always relate to the same values of transparency and voltage. The
suggested lowest comfort band that restricts the optical transmission of the glazing to be
above is represented by the threshold contrast point (v, C;). The threshold contrast value
in Figure 4. 4 can be mathematically defined in the formula of equation Threshold Contrast

(4. 10) as it is located between the two given points (C,1, V1) and (Cy,, v5).
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Threshold Contrast (C;,) = 0.707 (Cnax — Cmin) (4. 10)

A reasonable approximation can be made to facilitate the calculations; the portion of the
curve that lies between (C,; and C,,) will be considered a straight line in order to determine
the threshold voltage (v¢y,). This presumption results in:

Co2 =Cth _ V2 —Vtn
Cy2 — Cp1 V2=V

Uth = Va2 — [(Uz — V) (M)] (4.11)

Cvz2 = Cp1

Therefore, according to the consumer's desire, the system selects one operational point on
the comfort vision band. The user's desire will be taken into consideration and will be referred
to (v). The user's selection range is from 0 % to 100 %, which matches v, to Ve, A
preferred vision ratio (PVR) is suggested in this system as a way to identify the user's
preference. As a result, if the PVR = 0%, the working point is at the threshold value (C;p,),
while if the PVR = 100%, the system operates at (C,,4)- Accordingly, the following formula

can be used to determine the preferred contrast value (Cpyg):
The preferred contrast value (Cpygr) = PVR (Cax — Cen) + Cen (4.12)

Equation (4. 12) can be used in place of equation (4. 11) to define the corresponding PDLC

excitation voltage at the desired contrast, as demonstrated in the following:

Cp — (PVR (Cnax — Ctn) + Cth))]

......... 0 < PVR < 1 (4.13)
Cp—Cq

Upyr = Vp — [(Vb - Ua)(

4.3  Experiment of quantification of vision through PDLC window

4.3.1 Experiment setup

Three layers of insulation board have been used to build two identically sized small test
rooms. The main layer of the board is made from a solid layer of polystyrene with a thermal
conductivity of (0.046 W /m.k). Two light layers of steel are sandwiched between the

polystyrene. A traditional double-glazed window with the details listed in Table 4. 2 is present
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in the first room. In the experiments, this space will serve as the reference model. The window
in the other room is identical, but the inner pane of the double-glazed window has a PDLC
thin film affixed to it. The suggested vision quantification method will be assessed in the
second room. Both rooms are equipped with a flux sensor, fixed in the centre at a height of
15 cm, as well as a temperature sensor in each room to monitor the temperature of the
internal spaces. More information about the design of the test rooms, the double-glazed

windows, and the PDLC film can be found in Table 4. 2.

A weather station is used to monitor and save the temperature, humidity, pressure, wind
speed, and wind direction for exterior weather conditions. Furthermore, three pyranometers
are used to monitor the diffused horizontal irradiance (DHI), the global vertical irradiance
(GVI), and the global horizontal irradiance (GHI). To gather the data, a datalogger is
connected to every pyranometer; the next section has more details regarding the data

acquisition system used in the experiment.

A 300V,500 VA manually controlled VARIAC transformer is employed in the second test
room to set the preferred voltage because the experiments demand a an adjustable AC
excitation for the PDLC film. Additionally, a high definition camera module is mounted in the
space, 5 cm from the window's interior glazing. To take an image of the scenes outside the
window, the camera is horizontally positioned toward the window. The images are
transmitted immediately after being captured from the digital camera to the computer
through an IP network connection. Windows-based software is utilised to control the image

capture process.

Moreover, a MATLAB program was created to calculate the contrast value of the images that
were taken throughout the experimentation. This procedure happens every 30 minutes. The
experiment setup is shown in Figure 4. 5, which also includes the reference test room, the

PDLC test room, three pyranometers, and the weather station.
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Table 4. 2. Information on the experiment components.

ltems Parts Info
Insulated Thickness of the polystyrene layer 49 cm
board Thickness of the steel layer 0.05cm
Length x width of the room’s walls 55 x 55 cm?
Length x width x height of the room’s internal space 45 x 45 x 45 cm3
Length x width of the glazing 30 x 30 cm?
Window to wall ratio (WWR) 44 %
Type of the glazing Clear
Thickness of the glazing 0.4cm
z:?zzlj Thermal conductivity of the glazing 09 W/m.K
window Optical transmittance of the glazing 0.83
Reflectance of the glazing 0.12
Absorbance of the glazing 0.039
The distance of glazing gap 2cm
Outside reveal depth 0Ocm
Rating of excitation 220 AC volt
PDLC film Thickness of the film 0.36 mm
Optical transmittance (OFF / ON) 0.05 /0.83
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A: Reference test room with double-glazed window (nearest), test room with the PDLC
window (the furthest) and the pyranometer for measuring the vertical global irradiance
(GVI) (red encircled).

B: Pyranometer for measuring the global horizontal irradiance (GHI).
C: The weather station.

D: Pyranometer for measuring the diffuse horizontal irradiance (DH]I).

4.3.2 Data acquisition system

The data acquisition system shown in Figure 4. 6 was employed to observe and record the

data in the field during the experiment as following:

1- An Arduino microcontroller (MC-A) was responsible for gathering indoor temperature
and indoor flux density inside the reference room (conventional double-glazed
window room). In addition, the pyranometer that measures the vertical global
irradiance was also connected to MC-A. MC-A reads the data from the sensors and
stores it in the SD RAM.

2- An Arduino microcontroller (MC-B) was utilised to collect indoor temperature and
indoor flux density inside the PDLC room (PDLC double-glazed window room). MC-B
reads the data from the sensors and stores it in the SD RAM.

3- Three software were installed on a windows-based personal computer (PC): MATLAB,
camera, and datalogger software. MATLAB software undertook contrast calculations
for the images taken by the camera. On the other hand, two pyranometers were
connected to a datalogger to monitor global horizontal irradiance and diffused
horizontal irradiance. The datalogger was interfaced with the PC so the irradiance data
could be readily monitored.

4- A manually adjusted output AC VARIAC provides a variable AC voltage excitation to
the PDLC film attached to the PDLC window.

5- The weather station used in the experimental setup of chapter three was employed

for the same purpose.
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However, more technical details about the microcontrollers, sensors, and pyranometers that

were used in the experiment are illustrated in Table 4. 3; The temperature sensor has the

same specifications of that used in the experimental setup of chapter three.

Microcontroller
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Camera
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Figure 4. 6. Data acquisition system of the proposed visual comfort quantification system.
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Table 4. 3. Technical specifications of the sensors.

Sensitivity 7 ~ 14 pV/W.m™2
Spectrum band 0.3-3 um
Range of measurements 0 ~ 2000 W.m™?
Veinasa-ZFS The type of output voltage DC12V
Solar total Type of the output port RS485
radiation System latency <355 (99%)
pyranometer Resistance about 350 Q
(for global —
horizontal Stability <12 %
irradiance The cosine response <7 % (when the sun altitude Angle of 10 °)
measurement) | Error of azimuth response <5 % (when the sun altitude Angle of 10 °)
temperature characteristic +2 9% (-10 °C ~ +40 °C)
Working temperature -40 °C ~ 50 C14°C
Non-linearity <2%
Power supply DC12V
measuring range 0 ~ 2000 W.m™2
Sensitivity 7—14 uV/W.m™?
Spectral region 0.3-3 um
Veinasa-SFS Response time < 35S (99%)
Scattered <1 7% (When the height angle of the sun is
radiation Cosine response 10°C)
pyranometer <+ 5% (When the height angle of the sun is
(for diffused Position 10°C)
horizontal Output 0~25V
irradiance Latitude calibration range 0 ~ 50°
measurement) | Ring diameter 400 mm
Line length Standard 25m
Shape size 410x500x500
Working humidity <100% RH
Working temperature -50 °C ~ 85 °C
Davis Operating Temperature -40° to +150° F (-40° to +65° C)
Instruments Transducer Silicon photodiode
6450 Solar Spectral Response (10% points) 400 to 1100 nm
Radiation Cosine Response Percent of Full
pyranometer | Scale 2% (0° to £90°)
(for global Resolution and Units 1W/m2
vertical Range 0 to 1800 W/m2
irradiance Accuracy +5% of full scale
measurement) Time step 50 seconds to 1 minute
Power supply 1.6~3.6VDC
Operating temperature -40~85°C
Peak irradiance spectral
Flux sensor L
responsivity 550 nm
Resolution 0.01 lux
Range of illumination 83865.6 lux
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4.3.3 Scenarios of vision quantification experiment

The two test rooms have been set up on the rooftop of the Basra Qil Training Institute in
Basra, Iraq (latitude: 30.5 and longitude: 47.8). Every room has a window that faces the south.
From August 11 to August 14, 2021, the experiment was conducted continuously over four
days during the day. Every day, a different PVR was set to carry out the experiment. The four
scenarios, numbered 1 through 4, that were put into practice on the first through fourth days
of the experiment are shown in Table 4. 4. It is important to note that PVR is only used for
the window in the test room of PDLC window to demonstrate how it affects other system
factors like interior temperature, interior daylight, and solar heat gain in addition to vision

quality.

Table 4. 4. Scenarios of experimentation.

Test room 1
Test room 2
Scenario Day (reference room)

Window type PVR Window type
1 1St 0
2 2nd Traditional double- 0.3 Double-glazed
3 3rd glazed window 0.65 PDLC window
4 4th 1

From 5:30 a.m.to 6: 30 p.m., the experiment runs. The second room has been subjected to
the procedure depicted in Figure 4. 7, 27 times daily (every 30 minutes); the procedures
were done manually. Each manual execution of the process takes two minutes. The PDLC film
voltage is first set by the algorithm to one of 16 possible values between 0 and 200V
0,10,20,30,40,50,60,70,80,90,100,120, 140, 160,180, and 200. For every voltage
value, an image is captured once. The voltage-to-contrast relation and threshold value of the

contrast (Cyy,) are then estimated by MATLAB.
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Figure 4. 7. Quantification algorithm of vision through the PDLC window: experimental
procedures.

Following that, according to the selected value of PVR, the instant contrast values will be
determined through equation (4. 12). The instant contrast-voltage curve is represented
graphically or by equation (4. 13) to yield the corresponding voltage. Lastly, in order to achieve
the instant desired transmittance, the VARIAC output is manually adjusted to the new voltage
value obtained from equation (4. 13). According to the selected PVR ratio, it should

guarantee a certain level of visual comfort for the users.

4.3.4 Simulated test room models

According to the characteristics illustrated in Table 4. 2, both of the experimental test rooms,
the primary room with the traditional double-glazed window and the other room with the
PDLC double-glazed window, were modelled in the Design Builder software. At the same time,
the weather data file necessary for the simulation was created using calculated illuminance
data, experimentally measured solar irradiance data, and weather conditions collected by the

weather station.
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It is essential to impose the actual conditions of the experiment to the simulated models to
guarantee a realistic simulation result. Consequently, it was essential to customize the visible
transmittance of the PDLC film at different hours during the simulation because the visible
transmittance of the film varied during the experiments. This goal was accomplished by
making use of the optical transmittance-voltage curve of the PDLC film. The visible
transmittance of the employed PDLC film was measured using a spectrometer against various

input AC excitations, and the resulting curve is depicted in Figure 4. 8.

Voltage/Transparency curve for the PDLC film

|
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Input AC voltage (Volt)

Figure 4. 8. Relationship of transmittance versus the excitation for the utilised PDLC thin
film.

4.4 Results of vision quantification experiment, validation, and discussion

The following are the section's goals:

a. displaying the simulation and experimentation findings for the applied scenarios listed in
Table 4. 4.
b. To validate the system, results from simulations and experiments are compared.

c. examining the effects of the PVR ratio on various parameters of the system.

The illumination data, which includes direct normal illuminance, diffuse horizontal
illuminance, and total illuminance, have been determined for the 11th—14th of August 2021
using the IESNA method provided by equations (4. 2) to (4. 7). As depicted in Figure 4. 9, the
computation result revealed that the accessible calculated illumination throughout the four

days is roughly equal; the actual daylight period is From 5 o'clock in the morning until 7 o'clock
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in the evening. This is due, in part, to the experiment's successive days, where the sun's
inclination angle is nearly identical, and, in part, to the four days' shared sky clearness

parameters (sunny days).
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Figure 4. 9. Estimated illumination data throughout days of the experiment according to the
IESNA method.
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Figure 4. 10 displays the solar radiation data for the experiment execution days, involving
global horizontal irradiance (GHI) and diffuse horizontal irradiance (DHI); solar irradiation

has a slight variation from August 11 to August 14.
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Figure 4. 10. Measured solar radiation data throughout experiment days.
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Figure 4. 11 shows a plot of the test rooms' indoor and outdoor temperatures over the course
of the experiment's days. The experimental and simulated interior temperatures were
responding to the fluctuation of the outside temperature with proper mutuality on the first
day while the PVR ratio was set to 0, which equates to the lowest attainable contrast within
the visual comfort band. The highest and mean temperatures for the reference model at
2:00 p.m. were 58.8°C and 41°C, respectively, while these values for the PDLC test room
model were 56 °C and 38 °C, respectively. Inside the double-glazed window room and PDLC
test room, the mean difference in temperature between the experimental and simulated

readings was 0.12°C and 0.37°C, respectively.

The experimental and simulated interior temperatures changed in a similar way as the outside
temperature on the second day, when the PVR ratio was set to 0.3. The interior temperatures
of the two test rooms in the experiment and simulation are roughly equivalent. Additionally,
the highest and mean temperatures in the reference test room at 2:00 p.m. were
61.7°C and 41.5°C, respectively, whereas they were 58.5°C and 39.4°C for the PDLC test
room. Inside the reference test room and PDLC test room, the mean deviation between the

experimental and simulated temperatures was 0.19°C and 0.22°C, respectively.

Similarly, findings were made on day three, when the PVR ratio was 0.65. The highest and
mean temperatures recorded inside the reference test room at 2:00p.m. were
62°C and 42.3°C, respectively, while these values were 60.7°C and 40.8°C for the PDLC test
room. In the room with the reference window and the PDLC room, the mean difference in
temperature between the experimental and simulated readings was 0.1°C and 0.3°C,

respectively.

On day four, when the PVR ratio was equated to 1, the reference test room experienced a
high temperature of 58.6°C at 2: 00 PM and a mean temperature of 40°C, while these
values were 57.5°C and 38.8°C for the PDLC test model, respectively. Inside the reference
test room and PDLC test room, the mean differences in temperature between the

experimental and simulated readings were 0.2°C and 0.24°C, respectively.

Undoubtedly, as preferred vision ratio (PVR) values increased, the temperature of the

PDLC test room also increased. For example, for PVR values of 0,0.3,0.65, and 1, the mean
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temperature of the reference test room was higher than that of the PDLC test room by
3C°, 2.1C° 1.5C° and 1.2C°, respectively. On the other hand, as the PVR ratio rises, the
temperature of the PDLC test room grows closer to the temperature in the reference test
room. This is due to the fact that as the PVR ratio rises, the optical transmittance of the PDLC
test room increases, allowing further solar radiation to penetrate the window towards the

internal environment.

Figure 4. 12 displays actual and simulated daylight in lux, which indicate the level of
illumination in the test rooms at the location where the flux sensor was installed during the
setup of the experiment. The simulation result of the interior illumination have been plotted
as ranges at various times of the day. This is due to that the Design Builder software offers a
range of illumination levels that the illuminance for a specific point lies within it. Additionally

explained in Figure 4. 12 is vertical global irradiance (VGI).
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Figure 4. 11. Measured indoor test rooms temperature vs. PVR ratio throughout experiment

days.

The experimental and simulated inside illumination reacts to changes in the outside

vertical global irradiance (VGI) with a high association starting on the day one of the

experiment and a PVR ratio of 0. At 12:00 p.m., the reference test room's maximum

recorded illuminance (at the greatest radiation of the VGI) was 4.1 Klux, while the PDLC test
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room's maximum and mean recorded illuminances were 3 Klux and 1.9 Klux, respectively.

The PVR settings for other days show comparable trends.
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Figure 4. 12. Measured indoor illumination vs. PVR ratio throughout experiment days.
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Further daylight entered the interior environment as the PVR ratio increased. For instance,
on the first day of the experiment, while the PVR was equated to 0, the mean amount of
daylight in the PDLC test room was 73% higher than in the reference test room. After that,
the percentage of daylight increases to 76%, 80%, and 85%, respectively, for PVR values of
0.3,0.65,and 1. The PVR can be raised to increase the visible transmission of the glazing and
let additional sunlight into the PDLC test room, as was earlier stated. Inside the reference and
PDLC test rooms, the mean difference between experimental and simulated daylight was
20 lux and 39 lux on the first day, 57 luxand 69lux on the second day,

81 lux and 29 lux on the third day, and 39 lux and 108 lux on the fourth day, respectively.

Due to the varying optical transmittance of the PDLC window in comparison to a standard
double-glazed window, the solar heat gain coefficient SHGC has different levels accordingly.
Consequently, the solar heat gain inside both test rooms had different levels. Figure 4. 13
illustrates the experimental falling solar irradiance on the vertical level of the window and

simulated solar heat gain for both test rooms throughout the experimentation days.

The PDLC window has a different solar heat gain coef ficient (SHGC) than a traditional
double-glazed window due to its variant optical transmission. As a result, there was a
difference in the solar heat gain between the two test rooms. Figure 4. 13 shows the
simulated solar heat gain for the two test rooms over the course of the experiment as well as
the experimentally measured falling solar radiation on the window. The falling solar radiation
on the window was estimated from the measured vertical global irradiance (VGI), taking

into account the area of the PDLC window.

The peak solar heat gain occurred at 12: 00 p. m., with functional hours occurring between
5:00 a.m.and 6: 00 p.m. The heat gain values follow the fluctuation of the window's falling
solar irradiation. The greatest heat gain in the reference test room on day one of the
experiment with a PVR ratio of 0 was 14.6 W, with a mean value of 8.32 W. As opposed to
that, the mean heat gain was 1.38 W, with 2.23 W being the greatest value recorded in the
PDLC test room. In addition, the reference test room's higher observed heat gain was
17.85 W and a mean value of 8.95 W with a PVR ratio of 0.3, whereas the PDLC test room's

greatest captured heat gain was 4.25 W and an average value of 2.24 W/.
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Moreover, while the PVR ratio was equated to 0.65, the reference test room's greatest noted
heat gain was 17.8 W, with a mean value of 8.81 IW. In a like manner, the PDLC test room's
highest recorded value was 5.88 W, with a mean value of 3.05 W. The heat gain in the
reference room peaked at 18.28 W and averaged 9.09 W on the fourth day of the experiment
with a PVR ratio of 1, with a greatest noticed gain in the PDLC test room was 8.33 W and a
median value of 4.28 W.

The mean heat gain in the PDLC test room was only 16.6 % compared to that of the reference
room with a PVR of 0, 25.1% with a PVR of 0.3, 34.7% with a PVR of 0.65, and 47.1% with
a PVR of 1. It is evident that increasing the preferred vision ratio PVR causes the heat gain
in the PDLC test room to increase. Additionally, the Design Builder software determined solar
heat gain coefficients of 0.42, 0.49, 0.56, and 0.78 compared to PVR ratios of 0,0.3,0.65,

and 1 respectively.
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Figure 4. 13. Measured solar heat gain vs. PVR ratio throughout experiment days.

As previously explained, changing the PVR ratio directly affects the visual quality observed
through the PDLC window. , this is due to the fact that it defines the operating point on the
comfort vision band of the contrast-voltage curve, which acts as the contrast value of the

instantaneous external scene seen through the window. Consequently, the visible
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transparency is estimated accordingly. Figure 4. 14 depicts the contrast values during daytime
that determined by the proposed algorithm along the days of the experiment. Obviously,
opting higher PVR ratio prompts the system to step up the contrast, thus, the average
contrast value was 0.18, 0.25, 0.31, and 0.37 for PVR ratio of 0, 0.3, 0.65, and 1 respectively.

However, Figure 4. 14 shows a fluctuation in the contrast value during the daytime. The
suggested system raises the contrast level throughout first and late hours of the daytime (low
illuminance hours). On the other hand, when the external environment provides excessive
illumination, the system reduces the contrast during midday hours. Thus, the contrast was at

its lowest point at the time of highest outdoor illuminance, which was at 12:00 pm.

Throughout the experiment, the contrast-voltage curve were exacerbated while minor
luminous duration, or shrunk while major luminous duration, therefore, comfort vision band
was widened or limited based on that. This modification in contrast/voltage curve led to a
change in the PVR ratio, therefore, the system tried to fix the value of PVR ratio by modifying

the contrast value simultaneously.

The system's response to the outdoor illuminance imitates the behaviour of the human eye.
The human eye's pupil controls the amount of light entering the eye to ensure a specific level
of visual acuity, it has a dilatable diameter to achieve light controlling action the pupil can

dilate or constrict in diameter to realise its function [153].

As previously stated, the proposed algorithm was implemented every 30 minutes during
daylight hours; Nonetheless, the experiment indicates that the achieved contrast values were
close to the desired setpoint. Increasing the processing frequency to every 10 minutes, for

instance, can result in more accurate contrast values.

For practical purposes, the current study made the assumption that the scene remains
stationary during image capture. However, if the view were to change suddenly, such as by
the appearance of dirt, dust, or rain on the window, two outcomes could occur. Firstly, If the
sudden change is minor, it is unlikely to have an impact on the contrast calculation. Secondly,
However, if the sudden change is significant, it may result in an atypical form for the contrast

curve. In such a scenario, the quantification process would need to be adjusted to detect and
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accommodate such changes in real-time using image processing techniques to overcome this

limitation.
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Figure 4. 14. Estimated contrast values vs. PVR ratio throughout experiment days.

Figure 4. 15 is retrieved from [154], it shows the impact of the hysteresis phenomenon on the
relation between the visual transmission and excitation voltage in PDLC films. As depicted in
the figure, the variation of the transparency against the applied voltage has two different
paths. The red and pink paths represent the change in transparency while increasing and
decreasing the applied voltage, respectively. The reason behind the hysteresis phenomenon
is that when the voltage is raised and the PDLC film is saturated (all molecules are aligned in
one direction), the electrical charge remains even after disconnecting the PDLC film from the
excitation voltage. As a result, for an excitation value, the transparency in the second path

(due to the hysteresis phenomenon) could be higher than the value in the first path [155].

In the present experiment, the influence of hysteresis was not considered. However, the
deviation between the two curves could be a challenge in practical applications. If a controller
is designed to run the proposed quantification algorithm, the hysteresis path of the utilised
PDLC film may be trained by the system to guess the correct value of the preferred voltage

with high accuracy.
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Figure 4. 15. Hysteresis in PDLC films, retrieved from [154].

Figure 4. 16 depicts the system's general evaluation in terms of the amount of daylight
entering the inside environment, the inside temperature, solar heat gain, and vision contrast

via the window, all of which are directly related to the PVR ratio.

It has been determined that increasing the PVR ratio improves visibility via the proposed
PDLC window and the effectiveness of daylight in enclosed spaces. However, this situation
causes buildings to gain more heat inside, which increases the mean interior temperature and
necessitates higher cooling load energy consumption in hotter climates. The provision of good
vision quality is unquestionably a challenge, though, and a trade-off can be taken into
account. As opposed to that, the difficult trade-off may be simpler for a temperate climate,
like the UK, as the lower temperature is anticipated to increase energy consumption. Utilising
recently developed thin films shouldn't impair vision through windows, but to achieve the
best overall performance, achieving a balance between energy consumption, visual quality,

and daylight performance is crucial.

The results of the experiment demonstrated that using typical low dynamic range (LDR)

images produces acceptable values for the (contrast vs. voltage curve. The use of high
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dynamic range (HDR) images can produce contrast curves with greater accuracy. But HDR
images have a larger colour data width (16 bits as opposed to 8 bits in LDR images), which will
complicate the image processing controller and effectively drive up the cost. When the
processor is being implemented, it will be possible to contrast the processing effectiveness

between LDR and HDR images and assess the accuracy of contrast values in each scenario.
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Figure 4. 16. Results summary of vision quantification experiment.

According to the quantification algorithm's procedures, if a commercial structure were to be
outfitted with the proposed system, the optical transmittance of the windows would, in our
case, alter from a translucent to a transparent mode every half an hour. For the experience
of the occupants, this is unacceptable. It is suggested that the quantification procedures be
carried out on a reference window situated in a less recognized area and that the data and
transmittance and PDLC excitation settings be distributed to other glazing in the building each

time the quantification process is performed.

It is important to note that the suggested quantification approach can be used to assess the
quality of vision via other types of typical and smart windows in addition to PDLC windows,
whenever this is necessary. However, typical windows offer high-quality exterior views
primarily because of the glass's high visible optical transmittance; as a result, the suggested

guantification approach may be more necessary in the applications of smart windows.
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4.5 Summary

In order to provide the occupants with a comfortable visual environment, the goal of this
research is to quantify the vision via smart windows by employing an image processing
method. A small room with PDLC double-glazed window has been introduced as anillustration
of how the suggested system can be implemented. It has been suggested to use online image
processing to limit the optical transmittance range of the PDLC film to levels that are
comfortable for the occupants while simultaneously determining the attainable visual
comfort from the (contrast vs. voltage) relationship of the PDLC film. The two main
conclusions are the mathematical definition of the visual comfort band for PDLC double-
glazed windows and the introduction of the Preferred Vision Ratio (PVR), which
guarantees the occupants' comfortable level of vision. The following can be used to

summarize the main findings of this work:

1. The contrast of the views determined via the window in relation to the exterior
environment can be used to quantify vision via smart windows.

2. Building occupants may choose their preferred scale of vision via the window using the
suggested PVR ratio.

3. The experiment demonstrates that modifying the PVR ratio from 0 to 1 can change the
mean contrast value in a clear sky environment from 0.18 to 0.37.

4. To guarantee the minimum acceptable vision quality, the suggested algorithm guarantees
that the optical transmittance of the window will not be lower than a threshold value (C;p,).

5. The experiment demonstrates that increasing the PDLC window's PVR ratio from 0 to 1
causes the solar heat gain coef ficient (SHGC) to increase from 0.42 to 0.623.

6. The experiment demonstrates that raising the PVR ratio of the PDLC window from 0 to 1
permits further light to penetrate to the interior environment of the test room

(73% to 85% more than with traditional double-glazed windows).

The Design Builder commercial software was adopted to simulate the test rooms according
to the experimental weather conditions, and the simulation outcomes were contrasted to the
experiment's findings to show the validity of the experimental models. Using the suggested
system in commercial buildings limits vision via smart windows to the comfortable vision

range. Additionally, it allows to replace the traditional methods of assessing people's
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preferences, saving time and effort. Upcoming research can also use the suggested PVR ratio
to assess the clarity of vision via smart windows. In conclusion, The suggested system
enhances observability and controllability for building managers, leading to improved living

conditions and greater comfort for occupants.

Furthermore, the suggested quantification method can be implemented using an embedded
system, which speeds up the operations and produces more accurate instant optical

transmittance levels for glazing; however, this task will be handled in chapter five.
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Chapter 5: Prototyping of automated
qguantification controller for vision through

PDLC double-glazed windows
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5.1 Introduction

In chapter four, the contrast-based algorithm was introduced to quantify the vision quality
through double-glazed PDLC windows. The present chapter demonstrates the
implementation of the automated system that realise the vision quantification algorithm. As
mentioned in the literature, designers utilised numerous techniques to realise different
functions for practical applications; each technique relies on special hardware and software.
However, the present chapter employed four methods to implement the vision quantification
function: MATLAB software, Raspberry-Pi system on-chip, Cortex-A9 microcontroller, and
(FPGA) field programmable gate array techniques. The implemented systems showed a wide
range of performance in regard to processing speed, throughput, latency, power

consumption, and cost.

5.2 Research method and the proposed quantification system

It is crucial to first follow the procedures that were used in chapter 4 to realise the
guantification process manually because the goal of this work is to automate the vision

guantification process by implementing an appropriate controller for this purpose:

1- An image processing model: a collection of sixteen manually taken images through the
PDLC window were used to determine the contrast of the images. Each image was

captured with the PDLC film at a specific level of visible optical transmission.

Contrast calculation was depended on the root mean square (RMS) contrast method [152] as

demonstrated in equations (5. 1) and (5. 2):

1 _ _
RMS Contrast = \/m Y 2 Za Uy — D2 (5.1)

Where:

M and N are the number of columns and rows of the image I, respectively
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I;j is the pixel’s value which is located in the it" column and the jth row, and [ is the mean
value of the brightness of overall pixels in the image I. However, the mean brightness can be
determined using equation (5. 2) in the range of [0, 1]:

= 1 Mx+xN)-—1
T= ——gMW=y, (5. 2)

2- A mathematical model: a computational formula for calculating the necessary voltage to
bias the PDLC film. Based on the user's selected preferred vision ratio (PVR), this will keep

a specific level of optical visual transmission.

As seen in Figure 5. 1, the contrast values that the image processing model produced are
plotted versus the associated voltage. Ac voltage levels were used to draw the contrast values
of 0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 120, 140, 160, 180, and 200 volts, as shown in the

figure. The key points on the defined curve are as follows:

o  Cpin and Cy,q are, respectively, the lowest and highest contrast values.
® (v¢p, Cep) is the contrast threshold point, where C;y, is the contrast value that must be
exceeded before contrast values begin to saturate, and v, is the appropriate voltage at

threshold contrast. Equation (5. 3) was used to determine the threshold contrast value:

Threshold Contrast (C,) = 0.707 (Crnax — Crmin) (5. 3)

On the contrast curve, the two points (C,, v,) and (Cp, v},), which are situated before and
after the desired point (Cpyy, Vpyr) ON the contrast curve, must be identified in order to find
the voltage (vpy ) for the PDLC film that offers the desired visible optical transmission. Based
on the user-specified preferred vision ratio (PVR), the quantification process should monitor
the point (Cyyr, Upyr). The minimum value of (PVR) is O (which indicates the minimum
visibility permitted via the window), and the highest value of (PVR) is 1 (which provides the
highest offered visibility via the window). However, equation (5. 4) was used to estimate the
instant value of the preferred voltage for the PDLC film (vpyg):

Cp — (PVR(Cimax — Cen) + Cen)
Cp—Cq

Vevr = v — |(Wp — va) ( )0 PVR <1 (5.9
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Figure 5. 1. Contrast of the scene through the window versus the applied voltage.
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Figure 5. 2. Workflow of automated vision quantification controller implementation.

The workflow depicted in Figure 5. 2 is the foundation for the work in this chapter. To carry

out the quantification action, the necessary hardware and software were ready. The

guantification algorithm was implemented using a system on-chip (SoC) system; it will be

discussed in more detail in the following sections. On the other hand, three alternate

approaches based on MATLAB, microcontrollers, and field programmable gate array
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techniques were used to implement the quantification process. Finally, a thorough evaluation

and comparison of the realized systems' performance was conducted.

Figure 5. 3 depicts the proposed quantification algorithm. According to chapter four, the
guantification algorithm has several stages, including image capture, contrast computation,
PDLC voltage estimation, and repetition time counting. The experimental work in chapter
four, in contrast, carries out various steps manually. The previous chapter, however, did not
depict the entire proposed algorithm in a single diagram to demonstrate how the system
might operate to accomplish it. Additionally, the repetition time step was not included in the
earlier work. As a result, the repetition time stage was added to the previously mentioned
guantification process components in the current chapter, as shown in Figure 5. 3. The
algorithm begins by storing the current time (t;) because the entire procedure must be
carried out within a specific time (T}.) on a regular basis. Thereafter a collection of photos
ought to be captured and kept in a storage location. A PDLC power driver is given instructions
by the main controller to produce the previously mentioned first voltage level (0 volt). A high-
definition HD camera captures a single image via the PDLC window after the ordered voltage
has been set, and it is then saved in a memory storage device. The camera will take another
picture through the window after the controller commands the power driver to produce the
subsequent voltage level. For the remaining images, the process is repeated. The sixteen
images, each of which is captured at a specific voltage level, should then be saved in the

system's memory.

The calculation of contrast is done in the subsequent step of the process. The individual saved
images must be brought to the RAM so that the controller can reach and use them. In
accordance with equations (5. 1) and (5. 2), the controller derives the RGB data from the
images and calculates the contrast value. The system then finds all sixteen (contrast vs.
voltage) points on the contrast curve, as formerly described in Figure 5. 1, after image

processing carrying out has been completed.

The next pace is to find, based on the selected PVR ratio, the necessary voltage to operate
the PDLC film and retain the desired transparency. In order to calculate the equivalent
voltage, the controller initially defines the landmark points on the contrast slope using

equations (5. 3) and (5. 4) respectively. The controller then calculates the voltage value, which
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is then transmitted to the PDLC power driver. The voltage level may be formed as a binary-
code that represents the recommended voltage value calculated by equation (5. 4). It will be
decoded by the power driver, which will also produce the required voltage for the PDLC film.
Eventually, it's critical to note the time that has passed since the first step (elapsed time =
t, — t;). The system then concludes to delay rerunning the quantification algorithm until

(T, — elapsed time) has finished the entire cycle (T;.).
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Figure 5. 3. The proposed quantification algorithm.
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5.3 Experimental setup

The circuitry for the quantification process controller was realized through an experiment
with four scenarios. The experimental scenarios, which include their goal, architecture,

hardware configuration, and software organisation, are illustrated in the following.

5.3.1 Scenario one: implementation of vision quantification controller using on-chip SoC
system

The quantification procedure shown in Figure 5. 3 was implemented using a SoC-based
system called the Raspberry Pi-3 (RPi-3). As a result, the hardware and software were set up
as depicted in Table 5. 1. The open source SoC system is provided by the Raspberry Pi-3 board
[156], which is run by Linux. The SoC system translated the quantification algorithm shown in
Figure 5. 3 into a Python program. To implement the suggested process, the Python program
manages the auxiliary devices. An HD camera that was suited with the SoC system was used
to capture the images. The SoC system selects a 10-bit digital code as the voltage value. In
other words, there are (21° or 1024) levels in the PDLC AC voltage range. An ATmega328P-
based microcontroller acquires the digital code (decided by the SoC) on the Arduino board.
Based on the obtained decision, the Arduino microcontroller is in charge of producing a pulse
width modulated (PWM) signal. The power driver receives the PWM signal, which is then used
to create the desired voltage value for the PDLC film. The SoC system's operating system was

observed on a PC. Figure 5. 4 shows how scenario 1 is set up.
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Figure 5. 4. Scenario one: experimental setup.

The wiring diagram of Raspberry Pi-3 SoC system is shown in Figure 5. 5. A windows-based
personal computer (PC) acts as a workstation to monitor, control, and program the Raspberry
Pi-3 SoC system. The camera module is interfaced to the SoC system to send the taken images.
On the other hand, the SoC system sends the binary code corresponding to the preferred
voltage to an Arduino microcontroller. The latter microcontroller is responsible for adjusting
the duty cycle of the pulse width modulated signal and sending it to the AC power driver; the

power driver generates the desired AC voltage for the PDLC film accordingly.

PWM-based .
Arduin PC
AC power T~ o Uno — N Work
driver Raspberry
@ Pi-3 SoC
PDLC system Camera
film : module

Figure 5. 5. Wiring diagram of Raspberry based SoC system.

117




5.3.2 Scenario two: implementation of contrast estimator using MATLAB

In this case, only the contrast estimation portion of the suggested quantification process will
be implemented using MATLAB code. The image’s RGB data is first read by the code, and each
image's contrast is then calculated separately. More information about the hardware and

software configuration of scenario two is shown in Table 5. 1.

5.3.3 Scenario three: implementation of contrast estimator using Microcontroller system

In this case, the contrast estimation component of the identified quantification algorithm has
been realized using an ARM Cortex-A9 microcontroller. Integrated into the microcontroller is
an Altera Cyclone V FPGA chip. A bare-metal bus [157] connects the microcontroller to a client
(a personal computer). On the client side, the ARM Development Studio IDE software acts as
a mediator for the programming code and the microcontroller. To carry out the contrast
computation action, a piece of code was created using the open-source "C" programming
language. More information about the setup of scenario 3 can be found in Figure 5. 6 as well

asin Table 5. 1.

Quartus 21.1 FPGA client

Altera Cyclone V FPGA board -

USB adapter for B-blaster connection

Figure 5. 6. Experimental setup for scenario 3 and 4.
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5.3.4 Scenario four: implementation of contrast estimator using field programmable
gate array chip

In case four, the contrast estimation circuit was constructed using the field programmable

gate array chip. The contrast estimator was built using the 41,910 CLBs or configurable logic

blocks from Altera Cyclone V. The Quartus software controls the FPGA design [158].

The FPGA chip prototyped the estimation circuit depicted in Figure 5. 7 to calculate the
contrast value for a single image with the timing diagram. The system depends on the contrast
calculation formulas (5. 1) and (5. 2). The design made use of the intellectual properties
components (IPs) in the Quartus software library to build the circuit. Very high scale
integrated circuit Hardware Description Language (VHDL) [159] was used to describe the
estimator circuit's top-level design. Figure 5. 7 shows the thorough timing diagram. Initially,
the output of each component in the circuit is reset to zero to begin the contrast estimation

process.

The divider (DIV1) component divides the sum value by three times the count of pixels (3MN)

Z(M*N)—l )

after the accumulator (ACC1) has calculated the equation (5. 2) (I_— s

result. At this point, the input image's I average brightness I has been calculated. Additionally
to one clock cycle for the division action, this step needs (3MN) clock cycles to compile the
RGB data for entire pixels. The accumulators components ACC2 and ACC3, the divider
components DIV2, the subtractor component SUB, and the multiplier component all work

together to determine the term (X} XY 20 (1;; — 1)?) in equation (5. 1).

The average brightness of a pixel (I;;) is calculated for each pixel by adding the RGB data for
that pixel (by the accumulator ACC2), and then dividing the result by three (by the divider
DIV2). The subtractor subtracts the current pixel's average brightness I;; from the mean
brightness of all the pixels (I). (SUB). The multiplier squares the calculated difference of pixel’s
brightness under processing (by the multiplier component MUL). The accumulator builds up
the squared difference (I;; — I)? for each pixel (by the accumulator ACC3). This process uses
up (8MN) clock cycles because it needs eight clock cycles to complete one pixel. The divider
(DIV3) divides the result of accumulation (the output of the accumulator component ACC3)

by the count of pixels (M * N).
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The output of the divider (DIV3) is fed to the square root circuit (SQRT) to determine the RMS
contrast value according to equation (5. 1). It is assumed that each component in the FPGA
design is supplied by a unique clock signal. The clock signals are generated by the clock
distribution circuit shown in the figure. The clock signals activate the components of the FPGA
circuit at specific times to complete the mathematical operations of equations (5. 1) and (5.
2). In the timing graph of Figure 5. 7, the number of utilised clocks were displayed for various
phases with regard to column M and row N of the image. The clock source on the FPGA chip

sends a universal clock signal to the clock distribution circuit.

Clock distribution circuit in Figure 5. 7 receives the main clock signal and spreads the timing
signals to other entities. However, this task requires a special circuit, Figure 5. 8 and Figure 5.
9 show the entire design of the clock distribution circuit. In Figure 5. 7, contrast calculation
for one image passes through six intervals; the number of clock cycles required by each
interval is: one cycle, 3MN cycles, one cycle, 8MN cycles, one cycle, and one cycle,
respectively. Table 5. 2 identifies the start and end points for each interval in terms of the

number of clock cycles.
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Table 5. 1. Setup of the experimental scenarios.

Scenario | Item Specifications
CPU ARM Quad-core Cortex A-53 (1.5 GHz)
RAM DDR2 SDRAM (1 GB capacity)
Raspberry Pi-3 SoC- Hard disk External SD memory (16 GB capacity)
system Operating system Linux-OS
Programming
Python-3
1 language
Module Raspberry Pi-3 (5 Megapixel) camera
HD camera
Resolution Up to 2592 x 1944 pixels
Module Triac PWM-based AC dimmer
Power driver Rating 16 A, 600 V AC

Microcontroller Arduino-UNO (ATmega328P MC)

Software MATLAB WINDOWS-based (version 2022)
Programming language MATLAB programming language

2 Operating system WINDOWS 10 (64-bit)
PC Intel quad-Core i7, 2.2 GHz speed, 8 GB RAM capacity
Microcontroller ARM Cortex-A9 MC, Dual-core, (50 MHz speed)

3 Software ARM Development Studio IDE 2022.1
Programming language “c”
FPGA chip Altera Cyclone-V

4 Software Lite Edition of Quartus Prime 21.1

Programming language VHDL
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Figure 5. 7. Estimator circuit design and the timing diagram using Alter Cyclone-V FPGA chip.
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Table 5. 2. Intervals of contrast calculation.

No. Starts at clock No. Ends at clock No.

Interval of Point Point
clock Decimal Binary in the Decimal Binary in the
cycles figure figure

1% 1 0 000000000000000000000000 A 1 000000000000000000000001 B
2m 3MN 1 000000000000000000000001 B 3110401 001011110111011000000001 C
31 1 3110401 001011110111011000000001 C 3110402 001011110111011000000010 D
4th 8MN 3110402 001011110111011000000010 D 11404802 101011100000011000000010 E
5t 1 11404802 101011100000011000000010 E 11404803 101011100000011000000011 F
6t 1 11404803 101011100000011000000011 F 11404804 000000000000000000000000 G=A

If the images to be used in the experiment are (MN = 1080 x 960 pixels), then the total count
of clock cycles needed to complete the contrast calculation for a single image is (11MN + 4 =
11404804 clock cycles, or 1010 1110 0000 0110 0000 0100 in binary). Hence, to determine
this interval, a 24-bit digital counter with a clear input is employed. to clear the output at the
(11404804™ counting stage), a 24-input AND gate is used to generate a reset pulse at the
(11404804 input clock cycle) as shown in Figure 5. 8. Clock distribution circuit (A). Therefore,
inputs of the AND gate with logic “0” are inverted by the NOT gate according to the (1010
1110 0000 0110 0000 0100) binary input (reset cycle); the output of the AND gate is fed to

the clear input of the counter (CLR).

The points “A, B, ..., G” represent the start and end points of the six intervals as illustrated in
Table 5. 2. The AND gates (1 to 6) are used to generate positive pulses (high edges) at the
points (A to F) respectively. It is worth mentioning here that the point (G) represents the end
point of the sixth interval and occurs at the same timing of point (A); i.e., (G = A). For instance,
all inputs of AND gate number (1) are complemented; hence, a positive pulse is generated at
the beginning of the first interval (first counting stage (0000 0000 0000 0000 0000 0000) or
point A). Further, all inputs of AND gate number (2) are complemented except the first least
significant bit (00); therefore, a positive pulse is generated at the end of the first interval

(second counting stage (0000 0000 0000 0000 0000 0001) or point B).
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Figure 5. 8. Clock distribution circuit (A).

The start pulse (A) and the end pulse (B) of the first interval are wired to the set and reset

inputs of (latch 1) respectively. Consequently, the output signal (I1) of (latch 1) will be logic

high only during the first interval, as depicted in Figure 5. 8. In the same manner, using the
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ANG gates (2 to 6) and the latches (2 to 6), signals (12 to 16) can be generated to be logic high

during the intervals (2" to the 6%) respectively.

Figure 5. 9 shows the second part of the clock distribution circuit; it receives the signals (11 to

16) to generate the timing signals for the entities of the contrast estimation circuit. However,

before going through the details of the design, the following explanation demonstrates the

sequence of the timing signal in the contrast estimation circuit.

14
|IClock

3-8
decode

counter
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T2 —g)—DIV2
T3 SuB
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T4 D_ MUL
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Clock D_ SQRT

Figure 5. 9. Clock distribution circuit (B).

The required sequence of timing signals is shown in Figure 5. 10 as follow:

=

During the first interval, the sequence starts with (Clear all) signal for only one clock

cycle.

In the second interval, (ACC1) signal is repeated MN times.

The third interval has (DIV1) signal with only one clock cycle.

In the fourth interval, the following sequence is occurred MN times:

a. signal (ACC2) has three clock cycles.

b. The signals (DIV2), (SUB), (MUL), (ACC3), and (Clear ACC2) has only one clock

cycle respectively.

During the fifth and sixth intervals, (DIV3) and (SQRT) signals have only one clock cycle,

respectively.
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Figure 5. 10. Sequence of timing signals.

Referring to Figure 5.9, the signals (11 to 16 and T1 to T6) are wired to the first input of 2-input
AND gates (1 to 12) respectively, while the second input of the AND gates (1 to 12) is fed by
the main clock signal. Therefore, AND gates allow the clock signal to appear at their outputs
while the first input (one of the signals: 11 to 16 and T1 to T6)) is active or logic high. In this

way, the timing signals of the contrast estimation circuit are obtained as follows:

1- (Clear all, ACC1, DIV1, DIV3, and SQRT) signals can be generated by ANDing (11, 12, I3,
I5, and 16) with the main clock signal respectively.

2- (I4) signal is used to activate a 3-bit digital counter during the fourth interval. The 3-
bit output of the counter is interfaced with the 3-8 decoder. Six signals will be
generated as below:

a. (T1)is logic high during the first three counting stage of the counter.
b. (T2 to T6) is logic high during the (fourth to eighth) counting stage of the

counter.

126



3- (ACC2,DIV2,SUB, MUL, DIV3, and Clear ACC2) signals can be generated by ANDing (T1

to T6) with the main clock signal, respectively.

5.4 Results of implementing the vision quantification controller and discussion

The following are the section's goals:

1. showcasing and contrasting the experimental outcomes of the scenarios that were
put into practice and listed in Table 5.
2. looking into the cost, power consumption, throughput, latency, and processing speed

of the realized systems.

The SoC system was connected to the Raspberry camera, which was then firmly fastened in
front of the window. The PDLC film was connected to the power driver's output, which was
interfaced with the SoC system. Figure 5. 11 illustrates the investigation done prior to running
the Python code to determine how long it took the SoC system to take one image. It is
important to be aware of this time because it should be included in the system's overall
latency calculation as a delay. The steps that were taken to determine the duration of each

step were as follows:

Time for the PDLC film to Time for the camera module to
change its visibility capture an image

Time-interval of capturing a single image

A
h 4

Figure 5. 11. Time-interval of capturing a single image.

1- The SoC system creates the binary-code that represents the necessary voltage level and
transmits it to the power driver in order to capture one image. The power driver requires
some time to sets its output to the desired level. To test the power driver's time response,
a different experiment was run. A suitably calibrated ac voltage sensor was set up to

monitor the power driver's output. The power driver was demanded to produce a 50 volt
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output while the output was at 20 volts (20 V and 50 V were assigned at random); the
power driver response is depicted in Figure 5. 8. The output was jump-started to 50 V in
20 milliseconds, according to the time response.

On previous research examination on this subject, it can be relied upon to determine the
time needed by the PDLC film to change its optical state versus the variation of input
voltage. According to Pozhidaev et al. [160], a PDLC film transitions from an opaque state
to a translucent state in about 10 msec.

In a separate experiment, a Python code was created to examine how long the camera
module needed to shoot a single image. The same SoC system and camera module that
used in the main experimental scenarios were applied. The examination revealed that the
camera takes one image in 531 milliseconds. This time, an image is captured and stored

in a specific directory in the SoC system's memory.

As a result, it can be claimed that the SoC system needed 561 ms (20 ms + 10 ms + 531 ms) to

take a single picture, or about 8.98 sec for 16 images. In addition to the latency caused by the

other actions of the suggested quantification algorithm, this time will also be regarded as a

latency.

Response of PDLC power driver
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Figure 5. 12. Time response of PDLC power driver.

The SoC system carried out the quantification process after executing the Python code for

scenario one, taking and storing sixteen (1080 x 960) images. Both in this scenario and the

other scenarios, the estimation of contrast estimation was done for the image group. The
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desired voltage level was produced by applying the calculated contrast values to the
mathematical model of the proposed quantification algorithm. A random number was chosen
for the PVR ratio. Finally, the power driver applied the desired voltage to the PDLC film in
accordance with the SoC choice. According to the capacity of the input data and the latency,

the throughput of the experimental systems can be estimated.

Data size

Throughput of vision quantification SoC system = (bit per sec) (5.5)

Latency

The 16 images serve as the input data for all scenarios of the experiment. The
implemented systems in the experimental scenarios work with the images' RGB data.

Therefore:

Input data size = 3KMN (bit) (5. 6)

Where K is the number of bits per single colour data, in this case K = 8 as the input images
are 8-bit coloured images, and M and N are the column and row numbers of image pixels,

respectively.

The Python code was properly established to track how much time was spent on each step as

the program ran, and the results were as follows:

e Time spent for capturing and saving 16 images in SoC memory = 8.98 seconds.

e Time to fetch images from the hard-disk of SoC system to the RAM = 0.12 seconds.
e Time spent for contrast estimation time = 451.69 seconds.

e Time spent to estimate voltage values for the power driver = 0.02 seconds.

e Throughput of the SoC systems is approximately 0.86 Mb/second.

In accordance with the second scenario, a Windows-based PC's hard drive contained the
sixteen photos that the camera module in scenario one had captured. The MATLAB code
correctly sets the image group's location so that the program can reach them while it is
running. During execution, the MATLAB software made use of two CPU cores from the PC's
processing power. To gauge the running time for the contrast computation part, the "TIC-

TOC" instruction was used in the code for this purpose. The results showed that the time
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spent to calculate the images' contrast values is 2.98 seconds. The system's throughput was

measured at 133.6 Mb/s.

According to scenario three, the ARM A9 microcontroller system was used to compute
contrast using the images captured in the first scenario. The "C" code for the program
included a reference to the storage directory where the stored images were kept. Instructions
to determine the amount of time needed to calculate contrast were also included in the code.
The ARM development studio IDE software (at the PC side) in addition to the on-chip CPUs
started a blaster link over a USB port (on the Cyclone V FPGA board). A "C" compiler was used
to compile the code and create the source code that the microcontroller would use to run it.
When the code was run, it was discovered that the contrast estimation task took 8.36

seconds. 47.62 Mb/sec of throughput was actually measured.

In accordance with the fourth scenario, Quartus prime software generated an empty FPGA
Cyclone-V chip-based project. VHDL language was used to define the hardware configuration
of the logical circuit in Figure 5. 7. To realize the circuit, intellectual properties (lps) were
restored from the Quartus software library. As a top-level design, a VHDL code was created
that contains a thorough description of the wiring layout among the various components in
the circuit. Since it is situated outside the FPGA chip, the off-chip memory in Figure 5. 7 was
not included in the FPGA design. The 16 images gathered in scenario 1 are stored in the RAM
as RGB data. A "Cyclone V FPGA board" contains the FPGA chip and the off-chip memory
represented by an (SD RAM). After compiling the project, the following information regarding

the use of hardware resources was taken from the Quartus software:

e Number of the utilised Configurable Logic Blocks (CLB): 2493 out of 41910 (= 6%).
e Number of the utilised Digital Signal Processing Blocks (DSPB): 3 out of 112 (= 3%).

e The Frequency of the universal clock source: on-chip clock source (50 MHz).

Using Figure 5. 7's timing diagram for the FPGA design, the count of clock cycles required to

compute a single image's contrast is:

Clock cycles for Contrast computation = (11MN + 4) clock cycle (5.7)

130



Where M and N are column number and row number of image pixels respectively. Thus, the

latency of the FPGA contrast estimator is:

11MN + 4

Latency of FPGA contrst estimator = (5.8)

FeLk

The circuit used 50 MHz (or 0.02 sec cycle time) and the captured images in all scenarios have
a resolution of (1080 x 960) pixels, so the FPGA contrast estimator's latency is (0.228 sec). The
throughput is therefore (109.14 Mb/sec). Table 5. 3 lists the outcomes of the scenarios that

were put into practice, though.

Table 5. 3. Results summary.

For sixteen images For one image
Method of
Cortex-A9
implementation R-Pi 3 SoC system | MATLAB FPGA
MC
Contrast
451.69 2.98 8.36 0.228

computation (s)
Throughput (Mb/s) 0.86 133.6 47.62 109.14

Time for remaining Configurable logic block
Additional result stepsofthe | ... ... | . ... ... utilisation (6 %)

process =9.12 s DSP block utilisation (3 %)

The realized systems of the experimental scenarios will be evaluated and compared in the
next sections based on the outcomes. The advantages and disadvantages of each system will

be outlined from a variety of points of view.

5.4.1 Latency

According to the experimental data from the Raspberry Pi-3 SoC system, the time it took to
determine the contrast was 451.69 seconds. In other words, it was responsible for 98% of the
program's overall latency. The monitored running time for the entire process is 7.68 minutes;
but, when the preferred repetition time (T.) of the quantification process is less than it (7.68
minutes), this latency will not satisfy the real-life application need. Therefore, a different
approach should be taken into account to shorten the running time of the vision

guantification process. The realized "contrast estimator systems" in the other scenarios will
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be checked to address this problem because the phase of contrast estimation caused the

effective delay.

2.98 seconds of latency were effectively reduced by the MATLAB implementation method. As
a result, the quantification process will be completed faster than the Raspberry Pi-3 SoC
system (T,- = 12.1 secondsvs. T,, = 460.81 seconds). On the other hand, the bare-metal ARM
Cortex-A9 realization performs efficiently. In comparison to the Raspberry Pi-3 SoC system,
the latency was reduced to 3.8%. As a result, the quantification process takes less time, or
(T, = 17.48 seconds). In FPGA implementation, the contrast estimation was reduced to 0.228
seconds in the fourth scenario; in other words, it is 1981 times higher processing speed than
the SoC system in the first scenario. As seen in the FPGA contrast estimator, the lower latency
system has a faster processing speed. In conclusion, The best performance was revealed by

FPGA implementation among other methods in terms of latency.

5.4.2 Throughput

A system's latency is inversely correlated with its throughput. Therefore, throughput
increases as latency decreases. For instance, the SoC system that was used had the highest
latency and the lowest throughput of all the implemented systems, at 0.86 Mb/sec. By
contrast, the FPGA implementation technique at low latency achieved a maximum
throughput of 109.14 Mb/sec. However, the contrast computation is only accomplished for
one image by the presented FPGA design. The potential use of the chip's residual resource to
compute contrast for the sixteen images will be covered in the sections that follow. Therefore,

the throughput and other FPGA circuit design parameters will be declared again later.

5.4.3 Power consumption

The experimental systems that are being presented can be divided into two categories in
order to assess their power consumption. Computers in the two scenarios are the PC-based
MATLAB system in scenario two and the Raspberry Pi-3 SoC system in scenario one. While the
FPGA system and the ARM Cortex-A9 microcontroller are regarded as non-computers.
Previous research revealed that Raspberry SoC systems consume less power than standard
PCs. For example, Bekaroo and Santokhee [161]looked into the power usage of various

computer types while they were carrying out a variety of tasks. They came to the conclusion
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that the laptop uses 17.68 W, which is equivalent to four times the amount of power that a
Raspberry SoC system uses. On the other hand, earlier research found that FPGA-based DSP
implementations use less power than DSP micro-processors. For instance, using two different
hardware platforms, a Texas Instruments DSP processor [162] and an Altera FPGA chip, Bai et
al. [163] realised a DSP task and compared their power consumption. They came to the
conclusion that the commercial DSP processor used 2.4 times more power than the FPGA-

based system.

5.4.4 Cost

The expense of the proposed systems has a wide range of costs. The Raspberry Pi SoC
systems, for example, are the most affordable at $35 [164]. Research findings have
categorized FPGA techniques as low-cost DSP application implementation methods [165],
[166]. However, the Altera cyclone V SoC development kit was used to implement the
contrast estimator systems in scenarios three and four. The latter development kit is available
from authorized organizations for $1795 [167]. The cost of MATLAB-based implementation
will increase because it is necessary to use the hardware (the PC) and the licensed software

permanently.

The permanent license for MATLAB, however, costs $2350, according to the official website
[168]. Additionally, the price of a typical PC will be included with the implementation cost of
MATLAB software. To conclude, the following order classifies the implementation methods
from lower to higher in terms of cost: Raspberry Pi-3 system, Cyclone-V in scenarios three and

four, and MATLAB implementation.

The SoC system of scenario 1 uses the ARM Cortex-A53 microcontroller, which has more
advanced characteristics than the Cortex-A9 microcontroller that was utilised in scenario
three. For example, the architecture of the A53 microcontroller has a quad-core CPU and a
64-bit data-bus, contrasts with the architecture of the A9 microcontroller, which has a dual-
core CPU and a 32-bit data-bus [169], [170]. The results, however, demonstrated that the
ARM A9 microcontroller outperformed the A53 MC in terms of contrast estimation process
throughput and latency. CPU utilisation was tracked throughout the program's run in order

to better understand how the A53 microcontroller behaved within the SoC system. It was
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discovered that the Linux operating system used a single CPU to run the Python program, with
the other cores being used to carry out other SoC system tasks. On the other hand, the ARM
A9-microcontroller's entire resource pool was devoted to handling contrast estimation.
Earlier research, however, highlighted that the Raspberry Pi-3 SoC system is not the best

option for performing mathematical tasks [102].

According to earlier studies [171], [172], latency and power consumption in digital circuits are
directly correlated to the count of clock cycles applied to the CMOS transistors gates. In order
to estimate the count of clock cycles used in the proposed experimental systems, the latency

and the frequency of the universal clock source (F;x) must be known . Subsequently:

Clock consumption in terms of clock cycles = Latency * F¢ik (5. 9)

According to equation (5. 9) and the experimental findings, the contrast estimation in
scenarios 1 through 4 took 691.2 * 10°, 6.56 * 10°, 418 * 10°, and 11.4 * 10° clock cycles,
respectively. In other words, latency and power consumption increase as clock consumption
for a given digital function increases. Consequently, there is a greater decline in system
performance when MATLAB, SoC, and ARM A9 MC implementations are used. Clock
consumption strategy is a key distinction between FPGA implementation and other
approaches. For the contrast computation action in experimental scenarios 1 to 3, a
microcontroller or microprocessor was used. The mathematical method was translated into

commands.

For the CPU to complete a single instruction, it needs one or more clock cycles. The number
of clock cycles for the whole program will increase as a result. In contrast, the contrast
estimator circuit was created using the configurable logic blocks (CLBs) that were present in
the FPGA chip architecture. The summation loops in equations (5. 1) and (5. 2) needed 11.4 *
10° clock cycles, which the FPGA circuit consumed. This resulted in the least amount of clock

cycles being used, as well as the least amount of power consumption and latency [173].

The architecture of an FPGA chip admits it to configure itself according to the requested
designs [174]. Additionally, after configuration, an FPGA chip gains hardware implementation
features, i.e., the signals have fixed paths from the inputs to the outputs. In other words, the

delay between input and output paths in FPGA chips [175], which is typically measured in

134



nanoseconds or even less, determines the delay of a system that has been implemented. The
count of clocks needed to run an implemented process, as in PCs, microcontrollers, and SoC
systems, determines the latency of software realisation techniques, which is typically higher
than that of hardware implementation [102]. Therefore, as highlighted in the literature, FPGA

is superior to other techniques for the realisation of image processing applications.

A human-like odour recognition algorithm was put into place by Mo, Z. et al. [176]. They made
use of the FPGA technique, PCs with various processor types, and the Raspberry Pi-3 SoC
system. The algorithm was run by the SoC system in 4.6 ms. The best case for PC-based
realisation was 2.1 ms using an i7-10875H micro-processor. FPGA system, but, displayed an
outstanding calculation efficiency with 57.3 us. When applied to sophisticated computation
algorithms, FPGA realisation is the most effective technique, according to the literature. The
experimental results in this chapter are comparable to the efficiency variance between the
FPGA and other realisation techniques in the literature. In comparison to the Raspberry Pi 3
SoC system, the suggested system's latency was reduced from 451.69 s to just 0.228 s in FPGA

implementation.

In order to reduce latency even further, FPGA chips can implement a hardware acceleration
technique. The hardware resources on the chip (configurable logic blocks and DSP blocks) are
used by designers to construct a circuit using parallel paths. DSP applications use parallel
designs to improve the efficiency of the mathematical operations [177]. This method can be
used with the scenario 4 (the proposed FPGA circuit). According to the experimental
outcomes, only 6% of the chip's area was used to construct the contrast estimator circuit for
asingle image. In order to build a contrast estimator circuit for sixteen images, the circuit may
copied sixteen times to be working in parallel, making use of the residual unemployed
resources on the FPGA chip. All circuits will receive the RGB colour data and triggering signals
at once. As a result, the total latency will remain the same (0.228 sec), however, the

throughput will increase by sixteen times (109.14 Gb/sec x 16 = 1.75 Gb/sec).

The presented FPGA circuit can be further parallelized. The circuit's effective percentage of
latency was due to the two summations in equations (5. 1) and (5. 2). N accumulator and N
divider are required if the summation (ZEIZSN) -1 I;) is carried out in N parallel branches. As

a result, the summation's latency will decrease by N times. In the same manner, the other
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summation's latency can be decreased to lessen the overall time consumption. However, the
used Altera Cyclone V FPGA chip's hardware resources (41,910 logic blocks) might not be
sufficient to carry out this task. To occupy the extra components, an FPGA chip with more

hardware resources should be used instead.

Figure 5. 13, which illustrates the behaviour of the proposed systems in the present chapter,
provides a conclusion. High latency and power dissipation, along with humble computation
efficiency, were displayed by the Raspberry Pi-3 SoC system. However, it can be selected due
to its low cost if it can complete the quantification process equals to or less the repetition
time (T,). Implementation techniques using MATLAB and the Cortex-A9 MC demonstrated
closed efficiency with minimal latency. Lowest latency and highest throughput are
outstanding characteristics of the Cyclone V FPGA chip implementation. Additionally, the
FPGA design enables the suggested vision quantification process to be implemented with a

minimum repetition time (T,- = 9.14 sec).

136



LATENCY (SEC) THROUGHPUT(MBIT/SEC] POWER DISSIPATION
[=)]
2 3
2 R g &
= I
=
=2
2
=
g
\.D. -
g 8 2
2 2 8 s m 2
~N z S 2 2 2 &) < Q
> ¢ 2 é‘éb & v“@ £ -\‘;\6‘\ & v-“‘x\ o
& RO SOW & & ? G
2 \a v > o & < o & <&
¢? &K e ° o & ° o &«
o & & o8 oS
o ‘\cg _\C' _\(..\'
K ¢ ¢
S
CLK CONSUMPTION COST EXECUTION TIME (SEC)
o =
g o
g 2
E = = 2
5 5 5 3
-] [a] [a] [a]
{r-] w w w
3 o s = =
G o o
& S S
[ o o
2 5 B 5
© o s - 0
. -~ S5
I = - B
<
r-:"‘"é «"‘3’ i Cz‘\Q r-}é& «"‘& q‘g& ¥
(ﬁ\ & é:v- & ,\‘v“\ RS d_;\ & d_,v o
o < S ® © < o < &
o N Y A & , \a B < Ky
& & ? <F <° & &
0‘\ =,° Qi\ 4“ 0\‘
(94 go & (94
< o~ e
(’\w
&

Figure 5. 13. Result summary.

The FPGA system in the present chapter performed the best in terms of throughput, latency,
and power dissipation. The necessity for quantification of vision via PDLC windows is also
satisfied. The overall efficiency of the suggested systems will, however, suffer if the size of
the input data is increased. In the meantime, the handled data consists of (1080 x 960 pixels)
8-bit colour images. Further computational sophistication is necessary if image size is raised
for better contrast precision (for instance, 1920 x 1080 pixels with 16-bit colour images). In a
similar manner, the proposed system uses 16 images to define the contrast/voltage curve.
For greater accuracy, the number of images taken may increase. However, the system should

have more processing capacity to be able to handle additional mathematical operations.
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A passing cloud can quickly cast shade over a structure. If the proposed system doesn't react
in real-time, the PDLC optical transmission level will be inappropriate for the new condition
in this situation. The system adjusts the PDLC biasing using the vision quantification process
in response to changes in the exterior environment. Therefore, in order to instantly cover the
outdoor lighting condition, the repetition time T, should be as short as possible. The proposed
process will be repeated in T, = 9.14 sec if the suggested FPGA vision quantification system

is used.

During the image-capturing phase of the proposed quantification process, if an unforeseen
object passes in front of the window, a nonstandard shape of contrast curve will result. The
resultant contrast value of the quantification operation will be significantly altered as a result.
By including an inspection phase in the quantification process, this flaw can be avoided. It will
be necessary to use an inspector circuit to examine contrast values by contrasting them with
the typical pattern of contrast curve. Quantification processes should be restarted if the
difference exceeds a threshold value. However, the inspection phase may increase system

latency and decrease overall computational effectiveness.

In chapter four, the influence of the hysteresis phenomenon on the relation between the
transparency and the applied voltage was briefly discussed. The change of the transparency
against the excitation has two different paths depending on whether the input voltage is
increasing or decreasing. It is concluded that for an excitation value, the transparency in the
second path (while the applied voltage is decreasing) could be higher than the value in the
first path (while the applied voltage is growing), and this can lead to a deviation between the
determined transparency and the preferred value instantaneously. However, to overcome
this hurdle, the proposed algorithm may be trained to choose only the first path. Every time
the proposed algorithm estimates the contrast curve, the system starts in ascending order
(from 0 to 200 volt). Further, during setting the new preferred voltage, the controller instructs
the power driver to reset its output and then starts increasing the applied voltage in ascending

order (from 0 to the preferred voltage).

When the quantification algorithm is run, or every time one of the suggested systems is used
in a commercial structure, the optical transmission of the PDLC glazing will change from a an

opaque to transparent state within a period of (T}.). The occupants will, however, have an
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unpleasant sight experience as a result, particularly if the repetition time is only a few
seconds. The quantification algorithm can be applied to a test window placed in an
unoccupied or vacant area of the building to conquer this problem. The building's glazing will
be informed of the controller's decision after the vision quantification process is completed

on the test window.

It is feasible to quantify the vision via other kinds of glazing using the suggested quantification
process, as the suggested systems express the vision in terms of optical transmission through
PDLC glazing. The suggested systems can therefore be used with smart windows that have
adjustable optical characteristics [68], [178]. This gives occupants and outside viewers a

better visual connection by providing an instant evaluation of vision quality.

5.5 Summary

In summary, this chapter presented various approaches for implementing a controller to
guantify the optical transmission for PDLC-windows in commercial structures. Real-time
execution of a previously proposed vision quantification algorithm is performed by the
automated controller. A total of sixteen images were shot for an external scene via a PDLC
window by the implemented controller. The principal purpose of the implemented system is
to compute and examine the vision contrast values of the photos and determine the
appropriate excitation for the PDLC film instantaneously. Relying on the occupants desires,
the biasing voltage level estimates the visible transparency via the PDLC window. Additionally,
the automated system defines the threshold value of glazing optical transmission that
maintains an acceptable level of vision in the direction of the exterior views. The following

provides an illustration of the main result of this work:

1- The research highlighted that the Raspberry Pi-3 SoC system has a significant
processing cost and power consumption and may not be able to address the suggested
quantification process.

2- The latency of contrast estimation was 8.36 and 2.98 seconds for the ARM Cortex-A9

microcontroller and MATLAB realisations, respectively, which reflects a close
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performance of both systems. However, there is a noticeable increase in the power
dissipation and clock cycle consumption.

3- The most effective system, with a latency of only 0.228 sec and low power dissipation,
uses an ARM Cyclone-V FPGA chip.

4- The ARM Cyclone V FPGA system was able to accomplish the proposed quantification

process's minimal repetition time of T,, = 9.14 sec.

The relaxed vision range through smart windows in commercial buildings can be identified by
the automated systems that have been implemented. When it's necessary to evaluate the
vision quality through the glazing of a window, the proposed system can be used with other
types of smart glazing in addition to PDLC windows. The instant observation and control
capabilities of the suggested system improve visual comfort in the interior spaces of

commercial structures, in addition to previous studies on smart windows.
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Chapter 6: Conclusion and Future Work
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6.1 Conclusion

This research project focuses on the development of two types of intelligent windows based
on specific climate conditions. For colder regions, an optimization method has been devised
to enhance the utilisation of waste air in ventilating double-glazed windows. This approach
aims to maximize the efficiency of these windows in cold environments. Conversely, for hotter
regions, the study quantifies the visual quality provided by polymer dispersed liquid crystal
(PDLC) double-glazed windows. Furthermore, an automated system has been implemented
to autonomously carry out the quantification process, making it suitable for practical

applications.

The primary objective of this study is to enhance the thermal and daylight performance of
smart windows in order to create more comfortable environments for occupants in
commercial buildings. By introducing these innovative solutions tailored to specific climate
conditions, the research aims to contribute to the overall improvement of smart window

technology and its practical implementation in real-world settings.

To accomplish the aim of the study, several objectives were successfully achieved. These

objectives include:

e For double-glazed ventilated windows:
o General optimisation procedures for using of waste air in windows ventilation
have been experimentally investigated and evaluated.
e For PDLC double-glazed windows:
o The contrast-based quantification algorithm for the vision through windows
has been experimentally investigated and evaluated.
o The mathematical representation for the lowest allowed vision quality through
windows have been determined.
o Implementation of automated system-based controller to realise the vision

guantification process.
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6.2 Contributions to knowledge

The contributions to knowledge are:

1- In the practical application of double-glazed windows in cold regions, there is a potential

to enhance the thermal efficiency of commercial buildings by employing optimization
techniques that effectively utilise waste air. However, a critical observation from the
literature review indicates that previous studies focusing on the performance of
ventilated windows have neglected to consider the limitations posed by the quantity of
waste air supplied by buildings. This oversight is noteworthy because it has implications
for the feasibility and effectiveness of implementing such ventilation systems.

To illustrate this point, an example of a ventilated window was specifically discussed in
the literature review of the present thesis (section 2.3.2). This example shed light on a
practical scenario where a room is capable of providing a waste air flow rate of 10.5 m3/h.
However, the ventilated window, which aims to optimize air circulation, necessitates a
flow rate that is four times higher than what the room can provide. This discrepancy
underscores the importance of considering the constraints associated with the available
waste air volume in order to accurately evaluate the viability and performance of
ventilated windows.

Therefore, in order to maximize the thermal efficiency of commercial buildings in cold
regions using double-glazed windows, it is crucial to develop optimization procedures that
account for the limitations imposed by the quantity of waste air supplied by buildings. By
addressing this aspect, future research and practical implementations can effectively
enhance the performance and sustainability of ventilated window systems in real-world

applications.

Based on prior research in the field of smart windows, it has been established that smart
films possess adjustable visible transmittance characteristics, making them suitable for
introducing shading effects to conventional glazing. Particularly in hot regions, the
integration of smart films with regular glass has the potential to reduce the amount of
daylight entering indoor spaces and thus mitigate cooling energy consumption. However,

an examination of existing literature revealed that previous studies have not adequately
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considered the impact of decreased visible transmittance on the quality of vision when
using smart films.

To address this research gap, the present study introduces a quantification process
specifically designed to assess the visual experience through polymer dispersed liquid
crystal (PDLC) double-glazed windows. The proposed method establishes a mathematical
formula that establishes a relationship between the quality of vision achieved through
PDLC double-glazed windows and the contrast of the displayed images. Additionally, a
minimum level of acceptable vision quality through the window is defined, primarily in
terms of image contrast.

Within the vision quantification algorithm, a new metric called the preferred vision ratio
(PVR) is introduced. The PVR serves to describe the desired level of visual experience as
perceived by users. By quantifying the preferred vision level using the PVR, this approach
provides a means to objectively evaluate and optimize the visual performance of smart
windows, ensuring that the resulting image contrast meets or exceeds the defined
minimum threshold.

In summary, the study addresses the oversight in previous research regarding the impact
of reduced visible transmittance on the quality of vision through smart films. By
introducing a quantification process and utilising the preferred vision ratio (PVR), the
study offers a comprehensive framework to assess and enhance the visual experience
provided by PDLC double-glazed windows, ultimately contributing to the development of

improved smart window technologies.

3- The practical implementation of an automated quantification controller for vision through
PDLC double-glazed windows offers several advantages that contribute to the effective
operation of the system. Firstly, it enables significant controllability and observability for
PDLC windows, ensuring precise and reliable control over their visual properties. By
incorporating artificial intelligence techniques, this controller serves as a mediator
between the window itself and advanced computing technologies, thereby opening up
new possibilities and opportunities in the field of smart windows.

In the context of this particular study, a noteworthy accomplishment is the achievement
of the vision quantification process within a remarkably short time frame of 9.14 seconds,

with the implementation of Field Programmable Gate Array (FPGA) technology. This fast
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processing time is essential as it guarantees a seamless and comfortable visual experience
through the window, while also ensuring the delivery of high-quality views to the users.
The utilisation of FPGA implementation not only allows for efficient and swift execution
of the vision quantification process but also enhances the overall feasibility of the system.
By reducing the processing time to such a short duration, the controller ensures that users
can enjoy a comfortable and visually pleasing environment without any noticeable delays
or disruptions. Moreover, the high-quality views obtained through this efficient
implementation demonstrate the potential for utilising FPGA technology to optimize the
performance of smart windows and create a positive user experience.

In summary, the automated quantification controller for vision through PDLC double-
glazed windows presents practical advantages by offering extensive controllability and
observability. Its integration with artificial intelligence techniques introduces new
possibilities for the field of smart windows. The study's achievement of completing the
vision quantification process within 9.14 seconds through FPGA implementation signifies
a feasible running time that guarantees both comfortable vision through the window and
high-quality views, thereby contributing to the advancement of smart window

technologies.
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6.3 Findings
The findings and recommendations of this study are demonstrated in the following:

1- Inthe first topic addressed in this study, which focuses on utilising waste air in ventilating
double-glazed windows, practical scenarios where the available quantity of waste air is
insufficient for a number of windows in a building are considered. The proposed method
offers the advantage of maintaining a certain level of thermal efficiency for these windows
over extended periods. To achieve the optimal utilisation of waste air, the proposed
method employs two strategies.

The first strategy involves distributing the available flowrate of waste air to the windows
one at a time. This approach allows for the systematic allocation of the limited waste air
to each window, ensuring that every window receives its fair share of ventilation. The
second strategy entails dividing the available flowrate of waste air among the ventilated
windows. By implementing these approaches, different conditions of heat conduction and
convection are created within the cavity of the ventilated windows. However, it is
expected that one of these scenarios will lead to the highest energy savings.

Importantly, the suggested method is applicable to already constructed buildings. This
option presents an easier and cost-effective alternative to mitigate heat loss through
windows compared to replacing the existing windows with more complex and specialized
types. By implementing the proposed method, building owners and operators can
optimize the thermal efficiency of their windows without requiring extensive renovations
or costly replacements. This approach demonstrates the practicality and feasibility of
utilising waste air in ventilating double-glazed windows to enhance energy efficiency and
reduce heat loss in existing buildings.

In Chapter 3 of the thesis, the proposed waste air optimization process was applied to an
experimental test room model. The investigation revealed that the optimal case occurred
when the waste air flowrate was distributed among three double-glazed windows
simultaneously. By comparing these optimized windows to conventional double-glazed
windows, a significant improvement was observed in terms of the overall heat transfer
coefficient. The coefficient decreased from 3.82 W/(m?2.K) to 2.36 W/( m?.K), representing
a substantial reduction. Additionally, this optimization process resulted in an impressive

energy savings of 83.1%.
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Based on these findings, for practical applications, the study strongly recommends
implementing the proposed waste air optimization process on existing double-glazed
windows in commercial buildings. To facilitate this, simulation software can be utilised to
aid in determining the most effective distribution of waste air among the available
windows, leading to maximum potential energy savings. By following this approach,
building owners and operators can make informed decisions and achieve significant
improvements in energy efficiency without the need for costly window replacements.

By employing the proposed waste air optimization process and leveraging the power of
simulation software, it becomes possible to identify the most efficient distribution
strategy for waste air among the existing double-glazed windows. The expected outcome
is a comprehensive understanding of how to maximize energy savings while maintaining
the desired thermal performance. This practical recommendation allows for the
implementation of cost-effective measures in commercial buildings to enhance overall

energy efficiency and contribute to sustainability goals.

In practical applications, the proposed vision quantification process offers a significant
advantage by enabling real-time tracking of the band of visible transmittance that
corresponds to a comfortable vision through the window. By continuously monitoring and
adjusting the visible transmittance, the system ensures that the visibility level does not
fall below a specified threshold, thereby guaranteeing a minimum level of vision quality
for the users. This capability addresses a crucial aspect that previous research has
overlooked, namely the consideration of a threshold level of vision quality when reducing
the visible transmittance of the window.

Without the inclusion of this threshold level, occupants may experience a disconnection
from the outdoor environment, which is one of the essential functions provided by a
window. By neglecting the minimum level of vision quality, previous approaches may
inadvertently result in compromised visibility and hinder the desired interaction with the
external surroundings. In contrast, the proposed vision quantification process takes into
account the threshold level and employs a systematic approach to constrain the visible
transmittance within a determined comfortable vision band.

Through experimental testing, the proposed system demonstrates its ability to maintain

the visible transmittance of the window within the defined comfortable vision band,
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thereby ensuring a preferred level of vision quality as determined by the preferred vision
ratio (PVR). This dynamic control mechanism allows users to enjoy a comfortable and
visually pleasing experience, with the system continuously adapting to optimize the vision
guality based on real-time conditions.

In summary, the proposed vision quantification process offers a distinct advantage in
practical applications by actively tracking and controlling the visible transmittance within
a comfortable vision band. By considering the minimum threshold level of vision quality,
the system ensures that occupants maintain a connection with the outdoor environment
while enjoying a preferred level of visual experience. The experimental results validate
the effectiveness of this system in maintaining a desired level of vision quality and
highlight the importance of considering such factors in the design and implementation of
smart window technologies.

During the deployment of the vision quantification process in the test room, it was
observed that the solar heat gain coefficient (SHGC) exhibited a range of values, varying
from 0.42 to 0.623, corresponding to the preferred vision ratio (PVR) range of 0 to 1. This
variability in the SHGC allows the system to effectively adjust the amount of daylight
entering the interior spaces, thereby mitigating the greenhouse effect and regulating the
overall thermal conditions within the room.

Furthermore, it was discovered that the set of PVR values ranging from 0 to 1 can directly
influence the contrast of the vision experienced through the window, with values ranging
from 0.18 to 0.37, respectively. The contrast value of 0.18, corresponding to a PVR of 0,
ensures the minimum level of vision quality, guaranteeing that the visibility through the
window does not fall below this threshold. Conversely, a contrast value of 0.37,
corresponding to a PVR of 1, provides the maximum available vision quality, allowing
users to experience enhanced clarity and visibility.

This novel approach of incorporating a range of PVR values and the corresponding
contrast levels in the vision quantification process sets it apart from previous research
efforts. By defining a minimum threshold of vision quality (0.18 contrast) and offering a
spectrum of vision possibilities up to the maximum available quality (0.37 contrast), the
system establishes strict rules that ensure a satisfactory and consistent level of visual

experience through the window.
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The absence of such a comprehensive system, which operates based on these rules, in
previous research indicates the uniqueness and novelty of the proposed approach. By
integrating the control of SHGC and the quantification of vision quality through contrast,
the system effectively optimizes the visual experience while maintaining the desired level
of thermal comfort and energy efficiency. This significant contribution showcases the
advancements made in the field and highlights the importance of considering both vision
quality and thermal performance in the design and implementation of smart window
technologies.

The proposed vision quantification process holds significant potential in the field of
research concerning windows integrated with smart films. This study emphasizes the
importance of considering the available visual band that ensures a comfortable and
satisfying vision through windows. It is crucial to acknowledge that when reducing visible
transparency, it is essential to maintain a connection between occupants and the outdoor
scenes. Therefore, in future studies focusing on windows with smart films, it becomes
imperative to incorporate the vision quantification algorithm as a means to evaluate the
quality of vision through these windows.

By employing the vision quantification algorithm, researchers can effectively assess and
guantify the visual experience offered by windows with smart films. This process becomes
a vital tool in proving that lowering the visible transparency of such windows does not
compromise occupants' connection with the outdoor environment. Instead, it aims to
demonstrate that the reduced transparency still allows for a comfortable and engaging
visual link with the surrounding scenes.

Future studies in this field can benefit from incorporating the proposed vision
guantification process to validate and measure the quality of vision provided by windows
integrated with smart films. This approach ensures that the visual experience is
adequately evaluated, taking into account the impact of reduced transparency on
occupants' connection with the outside world. By conducting such studies, researchers
can further enhance the understanding and development of smart windows, ultimately
leading to improved designs that strike a balance between privacy, energy efficiency, and

maintaining a desirable visual experience for building occupants.
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3- When implementing the proposed vision quantification process in real-world window
applications, it is crucial to ensure its seamless and automatic operation. Recognizing this
need, the study presented various scenarios demonstrating how the vision quantification
process can be effectively implemented. In order to showcase a diverse range of hardware
and software characteristics, as well as processing capabilities, the study proposed four
distinct implementation methods. By exploring these different techniques, the study
aimed to provide a comprehensive understanding of their respective advantages and
disadvantages.

By presenting multiple implementation methods, the study offers valuable insights into
the practical aspects of deploying the vision quantification process in real windows
applications. Each method represents a unique approach, utilising different hardware
configurations and software components. Through this diversity, the study aims to
highlight the versatility of the vision quantification process and its compatibility with
various technological environments.

Moreover, by evaluating the pros and cons of each implementation method, the study
provides valuable information for researchers, developers, and practitioners in the field.
This analysis enables a deeper understanding of the trade-offs involved in selecting a
specific implementation technique, considering factors such as cost, complexity,
computational requirements, and integration feasibility.

Ultimately, the study's objective is to offer a comprehensive overview of the various ways
in which the vision quantification process can be incorporated into real-world window
applications. By presenting multiple implementation scenarios and analysing their
respective advantages and disadvantages, the study aims to provide a solid foundation
for researchers and practitioners to make informed decisions and select the most suitable
technique based on their specific requirements and constraints. This comprehensive
exploration of implementation methods contributes to advancing the field of smart
windows and facilitates the practical adoption of the vision quantification process in real-
world settings.

The proposed scenarios encompass a range of commonly used implementation
techniques. The first scenario involves a PC-based MATLAB implementation, which
demonstrates powerful performance in computing image contrast. However, in practical

applications, there is a need for standalone systems that do not rely on a PC, as they offer
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enhanced reliability and independence. In this regard, the Raspberry-Pi3 system on chip
(SoC) integrated with Python programming language emerges as a flexible option
commonly employed in various applications. Nevertheless, it exhibits inferior
performance compared to the MATLAB method in terms of latency, throughput, and
power consumption.

On the other hand, the Cortex-A9 microcontroller system integrated with C programming
language proves to be a viable alternative, demonstrating comparable efficiency to the
MATLAB implementation. This approach offers a balance between computational power
and practicality for real-world applications.

Another technique explored in the study is the field programmable gate array (FPGA),
which offers unique capabilities. The FPGA chip has the distinctive property of converting
any design into a fixed circuit on the chip after prototyping, resulting in very low latency.
This feature makes the FPGA method highly efficient and well-suited for handling the
vision quantification process in practical applications. Its impressive efficiency sets it apart
from other techniques, qualifying it as a suitable choice for implementing the vision
guantification process.

By presenting and comparing these scenarios, the study provides valuable insights into
the strengths and limitations of different implementation techniques for the vision
guantification process. This analysis aids researchers and practitioners in understanding
the trade-offs involved in selecting the most appropriate approach for their specific
application requirements. Furthermore, the study highlights the potential of the FPGA
method, with its low latency and impressive efficiency, as a promising solution for

handling vision quantification in real-world scenarios.
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6.4 Limitation of the study

Possible limitations of this study include the small size of test rooms and windows that used

in the experiments due to manual setup utilised for assessing the proposed systems.

6.5 Future work

In the proposed process for optimizing the utilisation of waste air in double-glazed ventilation,
it is important to acknowledge that the experimental outcomes obtained with the small
window size used in the experiment may not precisely reflect the practical situation.
Consequently, as a future study, it is recommended to apply the waste air optimization
experiment in a room and window with real dimensions. By conducting such an experiment,
the objective would be to emphasize the outcomes of this study and demonstrate their

applicability to industrial applications.

The current study assumed that the source of air used for ventilating the window is the waste
air generated within the room itself. However, in future studies, it is suggested to consider a
larger amount of waste air from other areas of the building, such as kitchens. The inclusion of
additional waste air can enhance the efficiency of the ventilation process. It is important to
note, though, that such air may be humid and impure, making it unsuitable for direct use in
the ventilation process as it could soil the glazing. To address this, the waste air should be
properly cleaned and dried before being utilised. This can be achieved through the
implementation of suitable techniques, such as filters and heat exchangers, to remove

impurities and reduce moisture content.

By considering these aspects in future studies, a more comprehensive understanding of waste
air optimization in double-glazed ventilation can be attained. Incorporating real-scale
dimensions and exploring additional sources of waste air, along with implementing
appropriate cleaning and drying techniques, will provide valuable insights into the practical
application of this optimization process. Ultimately, such research endeavours contribute to
the development of more efficient and effective ventilation strategies for various industrial

settings.

152



As a potential avenue for future research, the proposed vision quantification method for PDLC
windows could benefit from the incorporation of high dynamic range (HDR) images to achieve
a more precise contrast curve. The experiment conducted in this study was primarily carried
out during sunny days, which provided valuable insights into vision quantification under
specific weather conditions. However, to enhance the applicability of the system in practical
scenarios, it is recommended to replicate the experiment across a range of weather

conditions that can significantly impact vision through the window.

By conducting experiments during various weather conditions, such as rainy, foggy, and
cloudy skies, the proposed system can capture a more comprehensive understanding of the
impact of different atmospheric phenomena on vision quality. These weather conditions can
significantly alter the lighting conditions and visibility through the PDLC windows, thereby
affecting the contrast curve and overall visual experience. By considering a broader spectrum
of weather conditions, the system can account for the real-world variability in environmental

factors and provide more accurate quantification of vision quality.

Incorporating different weather conditions into the experimental setup will enable
researchers to evaluate the robustness and adaptability of the vision quantification method.
It will also help validate the system's performance across a wider range of scenarios, allowing
for a more reliable assessment of its effectiveness in practical applications. By expanding the
experimental scope to include different weather conditions, researchers can enhance the
practicality and relevance of the proposed vision quantification method for PDLC windows,
providing valuable insights for architectural design, building energy management, and

occupant comfort optimization.

In terms of future developments for the automated vision quantification system, the superior
processing efficiency demonstrated by the FPGA implementation suggests that a full FPGA
implementation should be considered. This would involve integrating the FPGA circuitry with
both the power driver of the PDLC film and the digital camera module. By incorporating these

components, the system can achieve enhanced functionality and performance.

Furthermore, it is worth noting that the camera and PDLC driver exhibit a longer delay (8.9 s)
compared to the FPGA chip's computing time for contrast calculation. To minimize overall

system latency, it would be beneficial to explore the utilisation of alternate high-performance
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modules for these components. By employing modules with faster response times, the

system can reduce delays and improve real-time performance.

Another aspect to consider is the handling of moving images through the PDLC window during
the subsequent step of the vision quantification process. Incorporating image-processing
methods into the system's framework would equip it with the capability to effectively manage
any sudden changes that may occur in real-time scenes while capturing images. Developing a
supplementary system that can swiftly detect scene changes would facilitate the

maintenance of a consistent and uniform contrast curve.

To ensure the desired uniformity in the contrast curve, this supplementary system would
analyse the correlative data between successive images. By examining the relationships and
patterns within the recurring images, the system can ensure a cohesive and smooth transition
in the contrast curve, thereby enhancing the accuracy and reliability of the vision

quantification process.

Considering these future improvements, such as full FPGA implementation, integration with
high-performance modules, and the creation of a supplementary system for scene change
detection and correlation analysis, the automated vision quantification system can be further
refined to deliver enhanced functionality, real-time performance, and accurate quantification

of vision quality through PDLC windows.
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