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Problem definition/project description

The increasing demand for energy-efficient and environmentally sustainable building solutions has led
to the exploration of innovative technologies. One such technology is smart windows, which can
dynamically adjust their properties to optimize light and heat flow into buildings. This project aims to
investigate the impact of smart windows on energy consumption and environmental sustainability in
buildings. It will comprehensively assess how smart windows can reduce energy usage for heating,
cooling, and lighting, and evaluate their overall environmental benefits, including reductions in
greenhouse gas emissions and lifecycle sustainability. Additionally, the project will develop strategic
guidelines for integrating smart windows into building management practices, covering installation,
maintenance, and operational strategies to maximize energy savings and environmental benefits. The
goal is to provide a comprehensive framework for stakeholders, including architects, building
managers, policymakers, and construction companies, to adopt and implement smart window
technology effectively, thereby advancing sustainable building practices and contributing to a greener

future.
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Abstract:

Windows play a huge role in today's buildings, allowing for outside view and providing occupants with
daylight. However, windows are also often considered to be one of the weakest building components
with respect to high thermal losses and are in addition often the reason for overheating and glare issues.
In comparison to traditional static windows, dynamic solutions like adaptive and controllable smart
windows have the ability to adjust their optical properties in response to changing boundary conditions
and hence have the potential to improve the energy performance and the user comfort of buildings. The
Objective of this work is three-fold: (1) To provide a brief overview of smart windows and their
significance. (2) To provide the reader with a summary of the research methodology and key findings.
(3) Highlighting the potential benefits and future prospects of smart windows.
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1. Introduction

Buildings account for 20 to 40 percent of the total energy consumption in the business and residential
sectors, contributing to at least 30 percent of CO2 emissions in developed nations. The increasing
energy consumption in developing countries is tied to an annual population growth of 1.18%.
Maintaining thermal comfort in extreme weather conditions has been challenging due to the reliance on
electricity-driven HVAC systems (Aguilar-Santana et al., 2020). Buildings can significantly impact
environmental issues like global warming. Among various building components, facades can notably
reduce a building's energy use and carbon emissions. Advances in material science and control
technology have enabled the creation of high-performance facades. Responsive facades, which adapt to
environmental conditions and occupant preferences, exemplify such innovations (Heidari et al., 2019;
Rashidzadeh & Heidari Matin, 2023).

Energy saving and carbon reduction are central to the Zero Energy Buildings campaign. Fenestration
solutions, such as windows with low U-value, can significantly reduce energy losses. Given the urgent
need to mitigate global warming and promote energy-saving measures, this study examines the
historical development of smart window technologies. It reviews the literature on various smart
windows (e.g., electrochromic, thermochromic, photochromic) and their modern applications,
comparing their performance, cost, and applicability. It also reviews some real-world applications of
smart window technology. Finally, the thesis discusses the benefits, challenges, and future

developments of smart window technologies.

1.1 Background
The building sector represents a significant contributor to energy consumption in the EU, responsible

for 40% of the total energy used. However, a staggering 75% of existing buildings are deemed energy
inefficient, highlighting the urgent need for action. In response, measures are being implemented to
bolster the intelligence and energy efficiency of both new constructions and existing buildings. The
overarching objective is to achieve a substantial reduction in energy consumption and CO2 emissions,
targeting a decrease of at least 40% by 2030. Ultimately, the ambition is to transition to a zero-emissions
building stock by 2050, aligning with broader sustainability and climate goals within the European

Union. (European Commission, 2019)



1.2 Motivation
Enhancing building intelligence and energy efficiency necessitates a holistic approach, with engineers

and architects at the forefront. These professionals are tasked with scrutinizing critical components such
as fenestration products (windows, doors, skylights), which profoundly impact a building's energy
performance, aesthetics, and occupant comfort. Given their pivotal role in building design, optimizing
these elements is imperative for achieving sustainable and comfortable living environments. By
focusing on fenestration products, engineers and architects can leverage innovative solutions to
maximize energy efficiency while enhancing the overall quality of indoor spaces. Thus, the motivation
to explore and optimize fenestration technologies arises from the desire to create buildings that are not
only environmentally responsible but also conducive to the well-being and satisfaction of their
occupants. (Kofler, n.d.)

1.3 Problem Statement

Windows play a pivotal role in modern buildings, providing access to natural light and fostering a
connection between indoor and outdoor spaces. However, they also pose challenges such as heat loss,
overheating, and glare, which can compromise energy efficiency and occupant comfort. Fortunately,
advancements in window technology, particularly smart windows, offer promising solutions to these
challenges. By dynamically adjusting their properties to regulate heat and light transmission, smart
windows have the potential to substantially reduce a building's energy consumption while enhancing
comfort levels. Thus, addressing these issues through the integration of smart window technologies is

crucial for achieving optimal energy efficiency and indoor environmental quality in buildings.

1.4 Limitations

Despite their potential benefits, implementing smart windows may encounter financial barriers,
particularly in retrofitting existing buildings. Additionally, their effectiveness can be influenced by
factors such as climate variations and user behavior, potentially limiting their applicability in certain
contexts. Furthermore, the long-term reliability and durability of smart window technologies necessitate
ongoing evaluation to ensure their sustained performance over time. These limitations underscore the
importance of carefully considering the practical implications and feasibility of integrating smart

window solutions into building design and renovation projects.



2. Literature Review

2.1 Historical Development of Smart Window Technology

To achieve near Zero Energy Buildings (n-ZEBs), two primary strategies must be implemented: energy
conservation and on-site renewable energy generation. These techniques need to be integrated into
building design and operation, particularly given the increasing demand for sustainable transitions in
many industrialized nations. Controlling incoming solar radiation is crucial for improving indoor air
guality and overall building energy efficiency. This can be done using either dynamic systems or
traditional static systems. Dynamic systems include automated mobile shading devices or dynamic
windows that adjust their optical properties in response to solar radiation. Static systems, on the other
hand, involve solar protection glazing and fixed or mobile shading devices (Allen et al., 2017).

Solar shading mechanisms, which can be fixed or dynamic, play a key role in blocking solar heat and
glare. Fixed solar shading involves the use of awnings, louvres, overhangs, and solar control glazing
integrated into the building's external envelope. Dynamic solar shading options include built-in blinds
between glass panes, Venetian blinds, curtains, external or internal shutters, external roller blinds, or
adjustable shading devices. Solar shading impacts both the optimal use of natural lighting and visual
comfort. External shading systems are more effective than internal ones because they block solar
radiation before it enters the building. Additionally, elements like brise soleils can enhance a building's
architectural character. However, it is important to assess these devices' performance as they can
significantly affect window functionality and the ventilation coefficient of a room. Internal shading
effectively reduces glare by reflecting and diffusing radiation outward, although it often absorbs a

substantial portion of it, releasing heat into the indoor environment.

Well-designed external shading systems can exhibit different characteristics throughout the year,
blocking solar radiation in summer and allowing it in winter. The development of building automation
systems, especially in new constructions, has enabled dynamic screening systems to adjust their
geometric shape and optimize incoming solar radiation based on climatic conditions (adaptive or kinetic
facades). However, external shading systems can sometimes impede natural ventilation, illumination,
and ease of access through windows. Therefore, factors such as noise and vibration due to wind, fagade
obstructions, ease of operation, and compatibility with various door and window styles must be

considered when selecting the best shading system (Téallberg et al., 2019).

Research and development in glazing systems have made significant strides, with innovations such as
coated products in the 1970s and laminated glass panes in the 1920s. Since then, more efficient
alternatives to traditional clear single-glass windows have emerged, including vacuum glazing, low-
emittance windows with low thermal transmittance, double or triple glazing, electrochromic windows,

thermotropic materials, silica aerogels, and transparent insulation materials (Pereira et al., 2022).
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Recently, the invention of transparent selective coatings and films has enabled various solar optical

properties for glazing surfaces, allowing high sunlight penetration while limiting excessive heat gains

through the glass.

Some of these advanced window technologies can dynamically change their characteristics in response

to external stimuli or user demands, allowing users to control the amount of incoming light and heat.

Consequently, these smart window technologies can enhance building efficiency by optimizing energy

consumption, peak demand, and indoor comfort in real-time. The rapid advancement of smart window

technologies, particularly those that respond to electro, thermo, mechanic, and light stimuli, has been

notable in recent years (Ke et al., 2019). In table we have summarize some key performance metrics

and desirable properties of smart windows.

property

description ‘

Visible Light = Percentage of visible light transmitted through the window in

Transmittance

Solar Transmittance

Near-Infrared
Transmittance(T,,;,.)

Modulation Range

Switching Speed

Operating Voltage

Memory Effect

Cycle Lifetime
UV Blockage
Size Limitations

Integration

the clear and tinted states. Desired range is high T,;, in clear
state (60 — 75%) and low T,; in tinted state (15 — 30%).
Fraction of total solar radiation transmitted through the
window. Lower T, in tinted state reduces solar heat gain
and cooling loads.

Transmittance in the near-infrared wavelength range, which
contributes to solar heating. Low Ty, in tinted state is
desirable.

Difference between maximum and minimum transmittance
values, indicating the window's ability to modulate light and
solar gain dynamically.

Time required for the window to transition between clear and
tinted states, typically ranging from seconds to minutes
depending on technology.

Voltage required to switch the window, with AC operation
preferred over DC for smart windows.

Ability to maintain the tinted or clear state without constant
power supply, measured in hours.

Number of tinting/clearing cycles the window can withstand
before performance degradation.

Ability to block harmful ultraviolet radiation, which is
desirable for occupant comfort and material protection.
Maximum practical size for manufacturing smart windows,
typically around 3m x 2m.

Compatibility with other coatings like low-emissivity (low-e)
coatings.

Table 1: This table highlights key performance metrics and some desirable properties of smart windows.
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2.2 Different Kinds Of Smart Windows

Smart windows exhibit diverse functionalities, classified into two categories based on their performance
intelligence: high-fixed and smart performance. High-fixed windows boast features like antireflectance,
low emissivity, scratch resistance, and ease of cleaning. On the other hand, smart performance windows
offer advanced functions such as self-cleaning, self-heating, adaptive , controllable , energy generation,
and traditional solar protection systems like static and dynamic shading.

Additionally, smart windows are categorized as adaptive or controllable, depending on their control
mechanisms. Controllable types, such as electrochromic, gasochromic, and photovoltachromic,
undergo regulation via electrical field changes, gas infusion, or voltage adjustments. Conversely,
adaptive types like, thermochromic, photochromic, hydrochromic, and low-E, react to environmental

stimuli like temperature, light intensity, hydration, and radiation.

Adaptive smart windows autonomously manage solar radiation without external systems, while
controllable smart windows rely on such systems for operation. This section of thesis will solely focus

adaptive and controllable smart windows.

2.3 Comparison of Smart Window Technologies

Previous research has extensively explored both the benefits and challenges associated with smart
windows to identify potential solutions and limitations. For instance, R. Téllberg et al. conducted a
comprehensive comparison of the energy-saving potential of adaptive and controllable smart windows.
Their study simulated the performance of thermochromic, photochromic, and electrochromic windows
across different locations. The findings indicated that electrochromic windows generally provided better
energy savings, depending on the environment. Such studies underscore the varying advantages and

limitations of smart windows, paving the way for the effective implementation of this technology.

The following table, table 2, provides a comprehensive comparison of different smart window
technologies in terms of performance, cost, applicability, benefits, and challenges. This analysis draws
on previous research and practical experiences to highlight the advantages and limitations associated

with each type of smart window.
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Types of smart Performance  Cost Applicability Benefits Challenges

windows

Electrochromic High control Moderate | Suitable for -Energy -Requires

(EC) over lightand | to High. | commercial savings by external
heat. and reducing power source

residential HVAC loads. @ for
buildings. -Improved transitions.
occupant -Initial cost is
comfort. high.
-Reduced -Even with
glare and UV | high
exposure. transitioning
speed, these
windows can
still have
slow
transition
speed
problems

Thermochromic Changes tints | Low to Suitable for -Adaptive -Limited

(TC) based on moderate. = climates with | operation control over
temperature significant with no tint.

temperature | external -Performance
variations power dependent on
needed. ambient
- Reduces temperature.
solar heat
gain.

Gasochromic (GC) | Uses gas to Moderate | - Suitable for | -Fast -Requires gas
change tint applications | transition pumping
quickly. where rapid speed. system

tint change is | -Good -Potential for

beneficia. control over | gas leakage.
solar heat -Maintenance
gain. requirements
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Photovoltachromic
(PVC)

Suspended
Particle Devices
(SPD)

Liquid Crystal
(LC)

Photochromic
(PC)

- Integrates
PV cells for
self-sustaining

High

power
- Combines
solar power
generation and
electrochromic
properties.

- Rapid

response to

Moderate
to High
light changes.

- Adjustable

tint level

- Changes Moderate
transparency
with electric

field.

- Changes tint | Low to

with exposure = moderate

to light

- Ideal for
energy-
efficient
buildings.

- Suitable for
areas with
high solar

exposure

- Suitable for
office
buildings,
conference
rooms, and

vehicles.

- Suitable for
interior
partitions,
meeting
rooms, and
vehicle

- Suitable for
environments
with varying

light levels

- Self-
sustaining
power
generation.

- Dual
functionality
(energy
generation
and shading.
- Quick
adjustment to
light
conditions.

- Enhanced
privacy

control

- Instant
privacy
control.

- Flexibility
in
application.

- Adaptive
operation.

- Reduces
glare and UV

exposure.

- High initial
cost

- Dependent
on sunlight

availability.

- Requires
continuous
power supply
for tint
control.

- Higher
energy
consumption
- Requires
continuous
power supply.
- Limited
light blocking
capabilities.
-Limited
control over
tint.

- Slow
response

time.

Table 2: This table provides a comprehensive comparison of different smart window technologies, summarizing their
performance, cost, and applicability while also considering the benefits and challenges associated with each technology.
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2.4 Previous Research on Benefits and Challenges Associated with Smart Windows

Most review studies on smart windows emphasize energy conservation, building energy efficiency, and
the general functionality of smart window systems. A study by Aburas et al. (2019) highlights the
potential energy savings of thermochromic smart windows compared to standard glazing, and also
discusses the material composition of these windows. Nundy et al. (2021) focused on low-energy,
sustainable solutions to reduce building energy loads. Another review by Syrrokostas et al. (2022)
examined photoelectrochromic devices used as smart windows in energy-efficient buildings,
considering 25 years of advancements in glazing technology. Casini (2018) and Ke et al. (2019)
explored the benefits, drawbacks, and technology of smart glazing, with a focus on recent developments
and the mechanisms of electrochromic glazing. Additionally, Lei et al. (2022) and Meng et al. (2022)
assessed the potential for energy efficiency and savings using the latest materials and technologies in

smart glazing.

Beyond energy efficiency, previous studies have evaluated the benefits of smart glass in terms of visual
performance and human perception. Grangyvist et al. (2018), Cannavale et al. (2020), and Syrrokostas
et al. (2022) have all examined these aspects. Liu and Wu (2022) investigated the potential of
electrochromic glazing to enhance visual comfort, finding that its ability to modify tint in response to
environmental changes helps reduce glare and improve occupants' visual comfort. Ajaji and André
(2015) evaluated the thermal and visual comfort of office workers in spaces with electrochromic
windows, using room-scale models facing south with clear and electrochromic windows in Belgium.
Their results showed that electrochromic glazing could eliminate over-illumination while maintaining

a respectable level of daylight autonomy, except on cloudy summer days.

Despite the numerous benefits of smart windows, such as improved visual comfort, several drawbacks
have been identified. Specific enhancements to electrochromic glazing performance—Ilike faster
switching speeds, higher visible transmittances in the bleached state, and higher neutral color levels in
the darkened state—are needed to maximize building integration, visual comfort, and adequate color
perception (Fernandes et al., 2018; Li et al., 2015; Piccolo & Simone, 2015).

Smart glazing technology holds significant potential for increasing sustainability. Electrochromic
windows can provide substantial energy savings, improved visual comfort, and better views by
managing glare and direct sunlight. By reducing the electricity needed for interior lighting, saving on
cooling costs, and enhancing occupant health and well-being, smart glass can help the architectural
community achieve sustainability goals. As usage increases and costs decrease, this category of smart
glasses is likely to shift from early adopters to mainstream users. However, the lack of an industrially
viable fabrication method remains a major barrier to the widespread adoption of new technologies
(Casini, 2018).
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Based on the literature review findings, numerous studies and physical model simulations have assessed
the advantages and disadvantages of smart windows in terms of energy efficiency, cost, applicability,
and visual comfort. Most studies have focused on electrochromic glass, with fewer examining the
application of passive smart window technologies in residential and commercial buildings due to their
limited user control capabilities. This study, however, focuses on the mechanisms, benefits, and
challenges of various smart windows, future technologies in smart windows, and provides a detailed

case study analysis of the benefits of smart windows.

16



3. Methodology

The study utilized several academic research databases, including ScienceDirect, MDPI, Scopus, and
Web of Science, to search for research articles published from 2000 to the present, focusing on various
types of smart window technologies. Specifically, the search targeted articles with smart window-
related terms in their titles, abstracts, or keywords.

The investigation centered on controllable smart windows (electrochromic, liquid crystal smart
windows, suspended particle devices, gasochromic, and photovoltachromic smart windows) and
adaptive smart windows (thermochromic and photochromic smart windows). Publications that were
irrelevant, duplicated, unavailable in full text, or contained only abstracts were manually excluded based
on predefined criteria. Among the identified studies, those addressing the performance of smart coating
technologies in terms of energy efficiency and/or user comfort were examined in greater detail.
Additionally, prior review articles on smart windows were manually reviewed, and references from
both the review articles and original research studies were consulted to ensure comprehensive coverage.
The study also employed a case study analysis approach to examine buildings and facades that have
utilized smart window technology for energy efficiency measures and their contribution to the near Zero
Energy Buildings (n-ZEBs) campaign. This case study analysis was conducted online, with data
obtained from official websites and peer-reviewed articles. Table 3 provides an overview of how this

process was conducted.

Category Description |
Research ScienceDirect, MDPI, Scopus, Web of Science, Perplexity.ai.
Databases

Time Frame Publications from 2000 to present.

Keywords Used Smart windows, Electrochromic windows, Liquid crystal smart

windows, Suspended particle devices, Gasochromic windows,
Photovoltachromic windows, Thermochromic windows,
Photochromic windows.

Inclusion Criteria | Focus on controllable (electrochromic, liquid crystal, suspended
particle, gasochromic, photovoltachromic) and adaptive smart
windows (thermochromic, photochromic).

Exclusion Criteria | Irrelevant publications, Duplicates, Articles unavailable in full text,
Abstract-only articles.

Selection process Manual exclusion based on predefined criteria, Further scrutiny of
studies on energy efficiency and/or user comfort in smart coatings.
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Additional Sources

Case Study
Analysis Focus

Case Studies Data
Sources

Table 3 Methodology table.

Manual review of prior review articles, Consultation of references
from review and original research articles.

Buildings and facades using smart window technology for energy
efficiency and n-ZEBs campaign.

Official websites, Peer-reviewed articles, Manufactures’ websites.
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4. Technologies and Mechanism:

4.1 Adaptive Smart Windows

Passive dynamic glass refers to types of smart windows that automatically change their tint or
transparency in response to external environmental conditions, without requiring any electrical input or
controls. There are two main types of passive dynamic glass, thermochromic glass and photochromic

glass.

4.1.1 Thermochromic Smart Windows

Thermochromic smart windows adjust their tint according to the temperature of the glass. When
exposed to direct sunlight, the glass heats up, causing a thermochromic coating, usually containing
Vanadium oxide (VO2), to darken the glass and block more solar heat gain. As the glass cools, it returns
to a clear, untinted state. Picture 1 illustrates the working principle of thermochromic windows, where

the glass tints or clears in response to temperature fluctuations.
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Picture 1: Thermochromic smart winows reacting to temperature fluctuations.

These windows undergo color tint alterations when the environmental temperature surpasses the
transition temperature of the TC coating, consequently adjusting the heat intensity and infrared solar
rays (IR) within the building. Sunlight interacts with VO2 molecules, leading to light rays refraction,
which in turn modifies the wavelength of solar rays, thus reducing the building's heat gain. Different
light wavelengths correspond to varying levels of solar energy entering buildings. By extending the
wavelength of solar rays through light refraction, TC windows effectively decrease the level of solar
energy transmitted through the windows. The structure and operation of TC windows are depicted in

Figure 1.

19



Thermochromic Thermochromic
Layer Layer

Inside Inside

Outside Outside

Clear State Tinted State
(a) (b)

Figure 1: Thermochromic smart window structure (a) Clear state (b) Tinted state.

Key features of thermochromic smart windows:

o No electrical wiring or controls needed.
e Automatically tints in response to solar heat.
o Helps reduce cooling loads in buildings.

e Provides passive solar control.

4.1.2 Photochromic Smart Windows

Photochromic smart windows tints in response to the intensity of ambient light or UV radiation hitting
the glass surface. The higher the light levels, the darker the glass becomes to control glare and solar

gain. As light levels drop, the glass reverts to a clear state.

Thermochromic glass can independently alter its optical characteristics in response to changes in the
external surface temperature, which can trigger a chemical reaction or a phase shift between two distinct
states. As a result, the material stays transparent at temperatures below the transition point and turns
opaque at higher ones. The transition temperature typically ranges from 10°C, which is the maximum
transparency, to 65°C, which is the minimum transparency. A variety of organic and inorganic
substances can be used as photochromic coating, including cloud gel, as well as in metal oxide films,
like vanadium oxide, which exhibit highly sensitive reflective behavior in the infrared region when they
transition from a semiconductor to a metallic state. The structure of a multilayered PC smart window is

shown is depicted in figure 2.
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Figure 2: photochromic smart window structure with (a) double glass and (b) multilayered PC coating.

¢ No electrical input required.
e Automatically tints based on light intensity.

o Helps reduce glare and solar heat gain.

The main advantage of adaptive dynamic glass is that it requires no electrical wiring or control, making
installation simpler and less expensive compared to controllable dynamic glass. However, adaptive

dynamic glass has less control over tint levels since it reacts solely to environmental conditions.

4.2 Controllable Dynamic Glass

Controllable dynamic systems can be directly controlled or linked to an automated building
management system to react to variations in the external environment (temperature, solar radiation) or
the internal environment (temperature, artificial and natural lighting levels, heat intakes, presence of
people), as well as user needs. This enables the adjustment of penetrating visible and infrared radiation
intensity without the need for screening systems, resulting in a significant reduction in energy
consumption for air conditioning and lighting (savings estimated at more than 20%). The most
sophisticated systems available integrate with photovoltaic systems for complete electrical self-
sufficiency. They also offer the potential for smartphone remote control and independent panel
adjustment within the same window (light-zoning), as well as the potential to become touchscreen-

enabled real imaging displays (Advanced Tech Windows).

Electrochromic glass (EC), suspended particle devices (SPD), gasochromic, photovoltachromic, liquid
crystal devices (LCD/ PDLC), and the most current, yet experimental glazing devices—based on micro-

blinds (MEMS) or with a unique, nanotechnological coating—are examples of electrically controllable
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active systems. Due to their various features, costs, and performances, each of these technologies is
better suited for particular uses cases or specifications (privacy, switching speed, solar gain reduction,
etc.).

4.2.1 Electrochromic Smart Windows

Electrochromic (EC) windows are a type of active smart windows that utilize electric charge transfer
between anode and cathode (electrical conductors) to regulate their performance. These windows are
comprised of various components, including glass (Polyester), transparent electrical conductors (anode
and cathode), electrochromic coatings, and electrolytes. The activation of electrochromic material,
which changes the window's optical features, occurs through the transfer of ions from the cathode to
the anode using a low voltage. Figure 3 illustrates the structure of electrochromic windows, which
includes an electron barrier and an ion conductor layer (electrolyte) at the center, surrounded by two
electrochromic coatings (Tungsten oxide, WO3). One of the EC layers is connected to the anode, while
the other is attached to the cathode (ion banking). Applying a voltage between the anode and cathode
activates ion transfer, causing the electrochromic material to balance this transfer and resulting in optical
characteristic changes in the EC windows. Reversing the voltage and implementing a short-circuit can

reverse the color modification.
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Figure 3: The structure of electrochromic windows.
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In comparison to the most commonly used electrochromic materials (such as tungsten oxide, which
changes color from transparent to blue), obtainable glazing usually has green or blue hues. The degree
of transparency can also be adjusted in intermediate states, going from clear (off device) to fully tinted.
When a material is opaque, light transmission drops to 1% from 60% in the transparent state. Instead,
the range of SHGC is 0.41 to 0.09. Figure 4 shows the working principle of electrochromic smart

windows, where the glass tints or clears in response to applied voltage.
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Figure 4: The working principle of electrochromic windows.

The system needs very little energy (1-2.5 Wp/m2) to transition between the various coloration states,
and even less energy (less than 0.4 W/m2) is needed to maintain the intended tinted state because
electrochromic materials have a bistable configuration. When the apparatus is operating correctly, the
glass's characteristics change in a nearly uniform manner across its whole surface. Depending on the
size of the panel, darkening starts at the margins and moves inward. It happens slowly, taking anywhere
from a few seconds to many minutes. The temperature of the glass is also related to the switching speed.
Usually, the coloring procedure takes a little bit longer than the cleansing procedure. It typically takes
a 90 by 150 cm window 5 to 10 minutes to complete at least 90% of its coloring cycle in a moderately
warm climate. In colder weather, the amount of time increases because it is less probable that the glass's
color will need to be controlled. On the other hand, the gradual alteration in light transmission is
beneficial since it enables the inhabitants to adjust to variations in light levels without discomfort or

disturbance. Visible contact with the outside world is maintained because the electrochromic glass

allows visibility even in dimly lit areas.
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Key features of electrochromic smart windows:

o Light transmission can be modulated from around 60% in the clear state to as low as 1-5% in
the fully tinted state.

e Solar heat gain coefficient (SHGC) can be reduced from 0.39 in the clear state to 0.05 in the
tinted state, significantly reducing solar heat gain.

e Switching speed is typically a few minutes to transition between clear and tinted states.

e Electrochromic coatings can be applied to various glass substrates, including double or triple-

glazed insulating glass units (IGUs).

4.2.2 Suspended Particle Devices

Suspended Particle Devices (SPD) smart windows are a type of dynamic glazing technology that
enables users to control the tint of windows to regulate light, glare, and heat entering a building. These
windows consist of a film sandwiched between layers of glass, containing microscopic light-absorbing
particles suspended in a liquid or gel-like substance. When an electric current is applied, the particles
align to allow light to pass through, making the window transparent. Conversely, when the current is
turned off or adjusted, the particles scatter, blocking light and darkening the window. This technology
offers users the flexibility to adjust window transparency according to their preferences or
environmental conditions, promoting energy efficiency and occupant comfort. Figure 5 depicts the

structure and working principles of SPD smart windows.

conductive layer
conductive layer

electric current off electric current on

Figure 5: Structure and working principle of SPD smart windows. The SPD film contains suspended particles that align when
the electric current is on, and scatter when there is no applied voltage, controlling the amount of light transmitted through
the window.
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Key features of SPD smart windows:

e witching speed is very fast, typically less than 1 second to transition between opaque and clear
states

e Light transmission can be modulated from around 60% in the clear state to less than 0.1% in
the fully tinted state.

o Operating voltage ranges from 20V to 120V AC or DC, depending on the manufacturer.

e SPD films can be incorporated into various glazing systems, including insulated glass units
(IGUs).

4.2.3 Liquid Crystal Devices

Liquid crystal devices consist of two glass sheets containing a Polymer Dispersed Liquid Crystal
Device, abbreviated as PDLC. This PDLC consists of two transparent thin plastic film electrical
conductors layered between polymer matrix layers. Tiny liquid crystal spheres dispersed throughout the
film have a diameter comparable to that of visible light wavelengths.

In the absence of an electrical stimulus, the liquid crystals are arranged randomly, causing light rays to
diffract randomly, resulting in a white and translucent appearance. However, when an electric field is
applied, the liquid crystals align in the same direction, ensuring the transparency of the panels. The
degree of transparency is influenced by the applied voltage. While the light transmittance of liquid
crystal glazing in the active state typically does not exceed 70%, in the off state, it generally remains

around 50%. Nevertheless, the device can be darkened in the off state by adding appropriate dyes.

Despite liquid crystal systems efficiently distributing direct incident solar radiation, they do not block
enough light to significantly reduce the solar factor, typically ranging between 0.69 and 0.55.
Additionally, liquid crystal systems require a continuous electric field to operate, unlike bistable
electrochromic  systems. Consequently, continuous electrical energy consumption occurs

(approximately 5-10 W/m2 of surface operating between 65- and 110-volts AC).

PDLC systems are primarily used for constructing interior or exterior partitions. Furthermore, PDLC
devices are available in rolls as adhesive, specially designed intelligent film that can be applied to

existing glazing. Figure 6 illustrates how PDLC systems function.
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Figure 6: PDLC smart glass mechanism.

Key features of liquid crystal smart windows:
¢ PDLC windows can switch between a transparent state and a translucent (milky) state, but do
not offer intermediate tint levels.
e Switching speed is relatively fast, typically within a few seconds.

e They require a constant electrical supply to maintain the transparent state.

4.2.4 Gasochromic Smart Windows

Gasochromic (GC) windows utilize gasochromic coatings triggered by hydrogen or oxygen gases in
response to infrared (IR) rays. As these windows require an external system to pump gas and activate
the gasochromic material, these types of windows are classified as active smart windows. While porous
Tungsten trioxide (WO3) is commonly used as the gasochromic film directly coated on the inner side
of the exterior glazing pane in most GC windows, alternative materials such as Nickel oxide (NiO) and

Magnesium alloys can also be applied.

Similar to electrochromic (EC) windows, GC smart windows (SWs) absorb solar heat rather than
reflecting sunlight, effectively preventing interior overheating. Typically produced as double or triple-
pane units, GC windows feature an empty space for gas infusion. The reaction time of GC windows to
sunlight alterations ranges from 20 seconds to one minute. Figure 7 depicts the structure of GC
windows, comprising two glass panes separated by a space filled with activating gases, with the

gasochromic layer coated on the interior surface of the outer glass. Hydrogen (H2) and oxygen (O2) are
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introduced into the argon-filled space based on changes in the IR rate. The interaction of hydrogen with
porous causes the smart coating to darken to a blue hue. The degree of tinting increases as more tungsten

trioxide is absorbed, while exposure to oxygen restores the window's transparency.

Enhancing the performance of GC windows can be achieved by reducing response time through water
injection into the WOS structure, thereby increasing the film's porosity. However, the equipment for
GC windows requires additional space due to the need for a gas resource, posing a challenge for

designers. Nonetheless, the low reaction time of GC windows remains advantageous for buildings.

Qutside : Inside Qutside 2 Inside
3 #
8 O, injected 1._9“ 3 H; injected 5
Visig, Visig,
e”Qh( e”ghz

|— Bleached gasochromic layer Tinted gasochromic layer

Figure 7: Gasochcromic smart window structure and its functioning mechanisms (a) clear state (b) tinted state.

Key features of gasochromic smart windows:

e Gasochromic windows can achieve a wide range of visible light transmittance modulation, from
around 75-80% in the bleached state to as low as 5-10% in the fully colored state.13

e Switching times are relatively fast, typically within 20 seconds to 1 minute for coloring and

bleaching.
e \Water vapor is often incorporated into the WO3 layer to facilitate faster hydrogen transport and

improve switching speeds.
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4.2.5 Photovoltachromic Smart Windows

A photovoltachromic smart window is an emerging technology that combines the functionalities of a
photovoltaic (PV) solar cell with electrochromic smart window technology. One drawback of
electrochromic smart windows is reliance of on an external power source for activation voltage, even
though little energy is needed for this activation, it still increases electricity consumption. To address
this issue, scientists developed photovoltachromic (PVC) systems to generate the neccessary activation
energy for the EC component. As shown in figure 8, the structure of PVC windows includes a
photovoltaic material that is installed on the outer surface of the glass, which is connected to the
transparent conductors of EC part of the window. Protons transfer between the PV cell’s anode and
cathode, by absorbing sunlight, thereby activating the EC materials. Since these types of windows are
fully powered by PV cells, they are classified as controllable smart windows.
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Figure 8: The structure of photovoltachromic smart windows (a) clear state (b) tinted state.

Key features of Photovoltachromic smart windows:

e Photovoltachromic windows can achieve high visible light transmittance in the clear state while
also generating electricity.

e They have the ability to modulate the tint or transparency level in reponce to varying levels of
solar radiation, providing dynamic solar control and daylighting management.

e The combination of PV and an EC component allows for energy generation and control over

indoor light and heat transmission in a single device.

While Controllable smart windows offer significant advantages in terms of energy efficiency, occupant
comfort, dynamic control over daylighting and solar heat gain, their adoption may be hindered by higher
upfront costs, potential switching speed limitations, and the need for continuous power supply and

complex control systems.
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4.3 Discussion of how these technologies contribute to energy efficiency and

occupant comfort.

Controllable and adaptive smart windows significantly enhance building energy efficiency and
occupant comfort by dynamically adjusting their transparency and sun shading to match changing light
and temperature conditions. This real-time adaptability optimizes the use of natural light and solar heat,
reducing the need for artificial climate control and thereby lowering energy consumption and carbon

emissions.

Moreover, these smart technologies allow residents to customize indoor light, temperature, and privacy
according to their preferences, merging energy conservation with personal comfort. This dual benefit
not only fosters a healthier living environment but also contributes to economic gains through lower
operating costs and increased property values. Continued investment in these technologies is crucial for
advancing sustainable urban development, reducing environmental impacts, and improving the overall

quality of life in buildings. (Alessandro Cannavale, 2020).

Smart windows also significantly impact residents' well-being and productivity. By providing a more
comfortable and adaptable atmosphere, they improve work and living conditions in multiple ways. The
ability to adjust transparency and sun shading in real-time minimizes glare and overheating while
maintaining adequate daylight and views. This creates a more comfortable and productive indoor
environment, promoting well-being and efficiency among residents. Additionally, smart windows
contribute to improved sleep quality and reduced eye fatigue, enhancing mental and emotional health
through a customizable and ergonomic indoor climate (Transform Your Space: How Smart Glass

Enhances Interior Design, n.d.).

Picture 2: Bathed in Light: Innovative Window Design Enhances Both Aesthetics and Energy Efficiency in Modern

Architecture.
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Beyond energy efficiency, smart windows offer a range of benefits that contribute to a harmonious and
comfortable environment, fostering creativity and productivity in work settings such as offices and
home offices. By regulating light and solar radiation, smart windows also help reduce noise and filter
out harmful UV rays, protecting the indoor environment and the long-term health and well-being of
residents. These technologies represent a step towards increased energy efficiency and a more
sustainable, resident-friendly building environment that prioritizes human well-being and comfort

alongside environmental considerations (Khanzadeh, Smart Windows For Smart Buildings, 2024).

A holistic approach to building design that considers both environmental and human factors lays the
foundation for healthier and more productive communities. Designing buildings that allow for the
integration of smart window technologies is thus essential to make buildings more environmental

friendly and sustainable.
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5. Applications Of Smart Windows:

5.1 Examination of the applications of smart windows in various sectors (residential,

commercial, industrial).

Smart windows are versatile tools that extend beyond residential use, impacting sectors like commercial
and industrial spaces. These windows enhance energy efficiency and comfort, offering benefits such as
reduced energy costs and improved work environments through better light control and glare reduction.
This not only boosts productivity and well-being in offices but also creates appealing retail spaces that
elevate customer satisfaction. In public and industrial buildings, smart windows optimize energy use
and foster more sustainable operations by adjusting to lighting and temperature changes, reducing
reliance on artificial climate control, and enhancing indoor environments. As global emphasis on
environmental sustainability grows, smart windows are set to play a crucial role in future building
designs and urban planning, promoting a comprehensive approach to sustainable and energy-efficient

architecture (The International Institute for Industrial, 2015).

In commercial and office settings, smart windows enhance energy efficiency and employee productivity
by providing control over light and sun shading. These windows adapt to changing conditions, reducing
glare, and overheating while maintaining natural light, which decreases the reliance on artificial lighting
and climate control, lowering operating costs (Smart Windows: Enhancing the Energy Efficiency of
Buildings). Beyond economic gains, they improve workplace comfort, contributing to employee well-
being and productivity through better light and temperature conditions. This can boost worker
concentration, reduce stress, and increase performance. Implementing smart windows also signals a
company's commitment to sustainability, enhancing its reputation as environmentally responsible at a
time when ecological awareness is critical. The adoption of smart windows in commercial buildings
thus offers comprehensive benefits—economic, environmental, and social—promoting a sustainable

and productive future.

Figure 9: Close-up of Smart Window Technology for Enhanced Energy Efficiency and Light Management.
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In the industrial sector, smart windows play a fundamental role in transforming manufacturing facilities
and warehouse buildings into more sustainable and efficient environments. These advanced windows,
powered by technological innovations such as electrochromic and thermochromic systems, enable
optimal utilization of natural light and solar heat. The dynamic adaptation to changing light conditions
and solar radiation not only allows for significant reduction in energy consumption and operating costs
but also creates a more comfortable and productive work environment for employees. By providing
better lighting conditions and indoor temperature control, these smart windows facilitate improved
working conditions and increased productivity, which in turn can contribute to enhancing efficiency in
production processes and logistics operations. The integrated approach to energy efficiency and
workplace environment is not only economically beneficial but also has positive implications for
society and the environment by promoting a more sustainable industrial sector that addresses both

economic and human needs.

5.2 Evaluation of the economic and environmental impacts of smart windows.

Smart windows are a groundbreaking innovation in the building industry, offering substantial economic
and environmental benefits. This section evaluates these impacts, focusing on cost savings, energy

efficiency, sustainability, and long-term value.
Economic Impacts
1. Cost Savings on Energy Bills:

e Reduced Heating and Cooling Costs: Smart windows help regulate indoor temperatures by
controlling solar heat gain and loss. This leads to a significant reduction in the use of heating,
ventilation, and air conditioning (HVAC) systems.

e Lower Lighting Expenses: By maximizing the use of natural light, smart windows reduce the
reliance on artificial lighting, leading to further energy savings.

e Return on Investment (ROI): Although the initial installation cost of smart windows may be
higher than traditional windows, the long-term energy savings can offset this expense, leading

to a favorable ROI over time.
2. Maintenance and Durability:

e Minimal Maintenance Costs: Many smart window technologies, such as electrochromic and
thermochromic windows, are designed to be highly durable and require minimal maintenance,

reducing ongoing costs.
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Extended Lifespan: The advanced materials and coatings used in smart windows often result in

a longer lifespan compared to traditional windows, providing additional cost savings over the

window’s life cycle.

3. Increased Property Value:

Market Demand: Buildings equipped with smart windows are often perceived as more modern
and energy-efficient, which can enhance property value and marketability.

Tax Incentives and Rebates: In some regions, installing energy-efficient technologies like smart
windows can qualify for tax incentives, rebates, and other financial benefits, further enhancing

economic advantages.

Environmental Impacts

1. Energy Efficiency and Carbon Footprint:

Reduced Energy Consumption: By lowering the need for artificial lighting and HVAC systems,
smart windows significantly decrease a building’s energy consumption. This reduction in
energy use directly translates to lower greenhouse gas emissions and a smaller carbon footprint.
Renewable Energy Integration: Some smart windows, like photovoltachromic windows,
integrate photovoltaic materials that generate electricity from sunlight, contributing to the use

of renewable energy sources and further reducing reliance on fossil fuels.

2. Sustainable Building Practices:

Resource Efficiency: Smart windows often use advanced materials and manufacturing
processes that are more resource-efficient than traditional window production. This contributes
to the overall sustainability of the building materials lifecycle.

Waste Reduction: The durability and longevity of smart windows mean fewer replacements

and less waste over time, contributing to more sustainable building maintenance practices.

3. Enhanced Indoor Environmental Quality:

Natural Light and Well-Being: By optimizing the use of natural light, smart windows improve
indoor environmental quality, which can have positive effects on occupants’ health and well-
being.

Reduced Heat Islands: By controlling solar heat gain, smart windows can help mitigate the
urban heat island effect, where cities experience higher temperatures due to human activities

and infrastructure.
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Smart Windows

High - Reduces HVAC and
lighting costs.
Higher installation cost.

Low - Minimal maintenance
required.

Long - Advanced materials
extend lifespan.

Low - Reduced energy
consumption and waste.
High - Long-term energy
savings offset initial cost.
Increased - Perceived as
modern and energy-efficient.
High - Efficient resource use

Feature
Energy Efficiency

Initial Cost
Maintenance

Lifespan

Environmental Impact
Return on Investment (ROI)
Property Value

Sustainability

and reduced carbon footprint.

Table 4: Comparative evaluation.

Traditional Windows \

Low - Higher reliance on
HVAC and artificial lighting.
Lower installation cost.

Moderate - Regular
maintenance needed.
Moderate - More frequent
replacements required.

High - Higher energy use and
waste generation.

Low - Savings are limited to
reduced initial costs.
Standard - No significant
impact on value.

Low - Higher environmental
impact.

Smart windows represent a valuable investment in both economic and environmental terms. They offer

substantial energy savings, reduce maintenance costs, and enhance property value, all while

contributing to sustainability and improved indoor environmental quality.

34



5.3 Case Studies and Real-World applications

In table 5 we present a summary of selected case studies focusing on real-world applications of smart
window technology in various building contexts. The table provides an overview of each case study
including study number, location, type of building and smart window technology employed. Each case
study provides a unique instance where smart window technology has been used to address specific
challenges or objectives. By examining these real-world examples, we aim to gain insights into the
performance of, energy-saving potential, and user satisfaction associated with smart windows in

building environments.

Case study Location Type of building Smart window

technology
Case study 1: Oslo, Norway Educational facility Electrochromic Glass
Ruselokka School

Case study 2: New New York City, USA = Commercial (Office) = Thermochromic

York Times Building Building Smart Glass
Case study 3: Amsterdam, The Office Building Electrochromic
Energy-efficient Netherlands Technology

Skyscraper-Edge

Case study 4: The London, United Office Building SPD-Smart Glass
Crystal Kingdom Technology

Table 5: Case studies on the application of smart window technology.

5.3.1 Case study 1: Ruselokka School, Oslo, Norway.

Ruselokka School situated in Oslo, Norway, embarked on a transformative journey with the
construction of its new building, passive house and net-zero energy standards. In pursuit of these
ambitious goals, the project employed innovative strategies, including the integration of smart window
technology. The dynamic glass from Sageglass, a Saint-Gobain company, was chosen to adorn the
building’s facade, offering a solution that seamlessly adapts to weather conditions and autonomously

regulates light and heat within the building.

In addition to its dynamic capabilities the windows maintain transparency at all times, ensuring that
occupants enjoy a consistent level of visual and thermal comfort. Marete Hansen, the principal of
Ruselokka School attests to the benefits of this technology, expressing in her corner office’s view of

the schoolyard and the city. Even on sunny days when the Electrochromic glass darkens, the view
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remains transparent, allowing her to observe outdoor activities without compromising privacy and

having glare issues.

Picture 3: The Electrochromic windows regulate light and heat in the building.

5.3.2: Case study 2: New York Times Building, New York City, USA.

The New York Times Building, renowned for its sustainable features, stands as a symbol of an
environmentally friendly building. The building employs smart window technology to elevate its energy
efficient features. One standout feature is the incorporation of thermochromic glazing, which adjusts its
tint according to temperature  variations. This innovative approach underscores the seamless
integration of advanced materials and design principles, demonstrating their potential to contribute to a

more environmentally friendly urban environment.
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Picture 4: Photochromic glazing adjusting to temperature variations.

The Thermochromic windows play a significant role in enhancing energy efficiency throughout the
year. During warmer seasons, the windows darken to reduce solar heat gain, reducing the need for air
conditioning and lowering energy consumption. Conversely, in colder months, allow more sunlight to
penetrate, aiding in natural heating and further optimizing energy usage. This dynamic response to
external conditions highlights the practical advantages of smart window technology in achieving both

indoor comfort and sustainable energy consumption.

5.3.3: Case study 3: Energy-efficient Skyscraper — Edge, Amsterdam, The Netherlands.

The Edge, an innovative office building located in Amsterdam, is another example of how intelligent
windows can realize the concept of energy-efficient buildings. This iconic building is equipped with a
comprehensive array of sustainable technologies, with smart window technology taking center stage.

The windows used at the Edge utilize electrochromic technology to dynamically adjust their tint in
response to external conditions. As sunlight intensity fluctuates through the day, these windows
seamlessly adapt, regulating solar heat gain and optimizing natural lighting. This dynamic fenestration
management approach significantly decreases the building’s reliance on artificial lighting and HVAC

systems.

37



Lkl ||-.ﬂ| L .
"t ! TR O
1 By v i
- i
o NERTEHE TP
I'-ﬁnmmmmn

e
r wE_FJ‘l'im .

mm,u T B 3.
w3 4 Rl II sl ool a7
| e RS PR T A IO /Ao i 61 1) -

i T O g -‘”""." M)ﬂ;»ia'u' g [T AR s M- g
T FURRANSRE W LT ik SO a a |
¥ ’ 1 W ¥

-

Picture 5: The Edge, Amsterdam

Integrated into the building’s greater, broader automation system, the Edge’s windows allow occupants
to tailor their indoor environment to their preferences while promoting energy conservation. Through
an intuitive interface, occupants can effortlessly control the tint of their windows, striking the perfect
balance between natural light, visual comfort and energy efficiency.

5.3.4 Case study 4: Smart Office Complex — The Crystal, London, UK.

Last, but not least, The Crystal, an advanced sustainable building situated in London, showcases the
numerous benefits of integrating smart window technology into Office buildings. This building is a

model for sustainable urban development.

At the heart of this endeavor are the smart windows equipped with SPD- smart glass technology. These
windows play a central role in the Crystal design, boasting the ability to adjust transparency
dynamically. Utilizing suspended particle devices, the windows can swiftly switch from transparent to
opaque, providing users with essential features such as privacy and glare control. This capability proves
particularly valuable in spaces like meeting rooms and exhibition areas, where maintaining visual

privacy and ensuring optimal presentation conditions are of utmost importance.
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Picture 6: The Crystal, London.
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6. Benefits and Challenges:

6.1 Analysis of the benefits associated with the use of smart windows.

Smart windows provide numerous significant benefits that improve building performance and occupant
comfort. While some of these benefits have been discussed in previous sections of this thesis, this
section will summarize key advantages of smart windows in a bulleted format. These advantages

include:

e Energy Efficiency: Smart windows reduce energy consumption by controlling solar heat gain.
This leads to lower cooling costs in summer and heating costs in winter, contributing to overall
energy savings.

e Improved Indoor Comfort: By dynamically adjusting their properties, smart windows maintain
optimal indoor temperatures and reduce glare, enhancing thermal and visual comfort for
occupants.

o Natural Lighting Optimization: Smart windows optimize natural light usage, reducing the need
for artificial lighting and promoting a healthier indoor environment.

e Privacy Control: Certain smart window technologies allow users to adjust the transparency of
the glass, providing privacy on demand without the need for additional window treatments.

o Aesthetic and Architectural Flexibility: Smart windows can enhance the aesthetic appeal of
buildings. They allow for innovative architectural designs and can integrate seamlessly with
various building styles.

e Sustainability: By reducing energy consumption and improving natural lighting, smart
windows contribute to sustainable building practices and help achieve green building
certifications.

e Long-Term Cost Savings: Although the initial investment may be higher, the long-term savings

on energy bills and potential increases in property value can offset the costs.

6.2 Challenges in the adoption of smart windows.

Despite their benefits, several challenges hinder the widespread adoption of smart windows in
buildings. The upfront costs of smart window technologies can be significantly higher than
traditional windows, deterring potential adopters. Some smart windows have slower response
times, limited durability, and below average performance in certain conditions which can

reduce effectiveness.

On the other hand, some smart windows have compatibility issues, thus making integrating

these windows with existing building systems and ensuring compatibility with various
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architectural styles and materials complex and costly. Controllable smart window technologies
often require an external power source, complicating installation and maintenance. Furthermore, many
stakeholders, including engineers, architects, and consumers, may lack awareness or understanding of

the benefits and applications of smart windows.

6.3 Strategies for overcoming challenges and maximizing benefits.

To overcome these challenges and maximize the benefits of smart windows, the following

strategies can be employed:

e Cost Reduction through Innovation: Investing in research and development to improve
manufacturing processes and materials used in smart windows can help reduce costs.

e Technological Advancements: Focus on improving the performance, durability, and
response times of smart windows to enhance their appeal and effectiveness.

e Integration and Standardization: Developing standards and protocols for integrating
smart windows with existing building systems can simplify their adoption and use.

e Energy Efficiency Improvements: Enhancing the energy efficiency of smart window
technologies can reduce their reliance on external power sources and improve their
overall sustainability.

e Education and Awareness Campaigns: Conducting outreach and education campaigns
to inform stakeholders about the benefits and applications of smart windows can drive
adoption.

e Incentives and Subsidies: Governments and organizations can offer incentives,
subsidies, or tax breaks to offset the initial costs and encourage the adoption of smart
window technologies.

e Demonstration Projects: Implementing demonstration projects in various building types
and climates can showcase the benefits and practical applications of smart windows,

providing real-world examples of their effectiveness.

By addressing these challenges with targeted strategies, the adoption of smart windows can be
accelerated, leading to greater energy savings, improved occupant comfort, and more

sustainable buildings.
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7. Future Prospects and Innovations:

7.1 Exploration of ongoing research and emerging trends in smart window

technologies.

Ongoing research in smart window technologies is focused on improving performance, functionality,
and integration with building systems. A significant area of exploration is advanced materials, such as
nanomaterials and quantum dots, which enhance efficiency and responsiveness. These materials offer
superior control over light and heat transmission, making smart windows more effective in various

environmental conditions.

Hybrid technologies are another promising trend, combining features like electrochromic and
thermochromic properties to create windows that adapt more efficiently to changing climates. This

hybrid approach can provide better performance and energy savings across diverse weather conditions.

Research is also directed towards developing self-powered smart windows. Integrating solar cells or
other energy-harvesting technologies into smart windows can reduce or eliminate the need for external

power sources, making these systems more sustainable and easier to maintain.

Improving the durability and longevity of smart windows is a critical research focus. Advances in
materials and manufacturing processes aim to produce windows that are more reliable and require less
frequent maintenance or replacement. Additionally, efforts to enhance switching speeds are underway,
enabling smart windows to adjust more quickly to environmental changes, thereby improving their

overall functionality.

7.2 Discussion of potential innovations and advancements.

The future of smart window technologies holds exciting potential innovations. One such advancement
is the integration of artificial intelligence (Al) and automation. Al and machine learning algorithms can
be used to create predictive systems that adjust smart windows based on weather forecasts, occupancy
patterns, and user preferences. This optimization can significantly enhance energy efficiency and indoor

comfort.

Adaptive and responsive systems are also on the horizon. Future smart windows could feature
technologies that learn from their environment and user interactions, offering more personalized and
efficient control over indoor conditions. This adaptability will make smart windows more user-friendly

and effective.

Transparent OLED displays represent another innovation. By incorporating these displays into smart

windows, the windows can become multifunctional surfaces capable of showing information,
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entertainment, or providing interactive interfaces. This could transform how we use window spaces in

both residential and commercial buildings.

Multifunctional coatings are being developed to combine several properties into one, such as UV
protection, self-cleaning, and energy efficiency. These coatings can enhance the overall performance

and utility of smart windows, making them more attractive to consumers and builders alike.

The integration of smart windows with smart home systems is another promising development. As
smart home technologies continue to advance, smart windows will increasingly be part of these systems,
offering seamless control and automation for homeowners. This integration can lead to more efficient

energy use and enhanced convenience.

7.3 Consideration of the role of smart windows in the future of sustainable

architecture.

Smart windows are set to play a crucial role in the future of sustainable buildings. By minimizing the
need for artificial lighting, heating, and cooling, smart windows significantly reduce a building's energy
consumption. This reduction in energy use contributes to lower greenhouse gas emissions and supports
environmental sustainability. The enhanced natural lighting and temperature control provided by smart
windows create healthier and more comfortable living and working environments. Improved indoor
conditions can boost occupant well-being and productivity, making smart windows an essential

component of modern building design.

Smart windows also facilitate the achievement of green building certifications, such as LEED or
BREEAM. By improving energy efficiency and indoor environmental quality, these windows help
buildings meet the stringent criteria required for these certifications, promoting sustainable building
practices. In the context of climate change, smart windows offer a resilient design solution. Their ability
to adapt to changing weather patterns makes them a valuable asset in enhancing the resilience of
buildings. This adaptability ensures that buildings remain comfortable and energy-efficient even in

varying climatic conditions.

Finally, smart windows support urban sustainability goals. As cities strive to become more sustainable,
the widespread adoption of smart windows in residential and commercial buildings can play a
significant role in achieving these goals. By contributing to energy savings and improved living

conditions, smart windows are integral to the development of sustainable urban environments.

In conclusion, the advancements and future innovations in smart window technologies hold great

promise for enhancing building performance, occupant comfort, and sustainability. As research and
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development continue to push the boundaries of this technology, smart windows will become an

essential element of sustainable architecture.
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8. Conclusion

This thesis has explored the significant benefits and challenges associated with smart window
technologies. Key findings include the ability of smart windows to enhance energy efficiency,
improve indoor comfort, optimize natural lighting, provide privacy control, and contribute to aesthetic
and architectural flexibility. Additionally, smart windows support sustainable building practices and

offer long-term cost savings despite higher initial investments.

Smart windows have the potential to transform building design and operation, contributing to both
environmental sustainability and occupant well-being. By dynamically adjusting to changing light and
temperature conditions, they minimize the need for artificial climate control, thereby reducing energy
consumption and carbon emissions. The adaptability and customization offered by smart windows
improve indoor comfort, productivity, and overall quality of life for occupants. As technology advances,
the integration of smart windows into buildings will become increasingly viable and beneficial, playing

a crucial role in sustainable urban development.
Recommendations for Further Research and Practical Implementations
To maximize the potential of smart windows, further research is needed in several areas:

e Advanced Materials and Technologies: Continued exploration of new materials and hybrid
technologies to enhance the performance and responsiveness of smart windows.

e Durability and Longevity: Investigations into improving the durability and lifespan of smart
window technologies to ensure long-term reliability and reduce maintenance needs.

e Energy Self-Sufficiency: Development of self-powered smart windows through integrated solar
cells or other energy-harvesting technologies to reduce dependency on external power sources.

e Integration and Compatibility: Studies on improving the integration of smart windows with
existing building systems and ensuring compatibility with various architectural styles and
materials.

e User Awareness and Education: Efforts to increase awareness and understanding among
stakeholders, including architects, engineers, and consumers, about the benefits and

applications of smart windows.

Practical implementations should focus on pilot projects and case studies to demonstrate the real-world
benefits and cost savings of smart windows. Collaboration between researchers, manufacturers, and
building professionals is essential to drive innovation and adoption. By addressing these
recommendations, smart windows can become a mainstream solution for enhancing building

performance and sustainability.

45



9. References:

Aburas, M., Soebarto, V., Williamson, T., Liang, R., Ebendorff-Heidepriem, H., & Wu, Y.
(2019). Thermochromic smart window technologies for building application: A

review. Applied Energy, 255, 113522. https://doi.org/10.1016/j.apenergy.2019.113522

Adlington, L. W., Freestone, I. C., Kunicki-Goldfinger, J. J., Ayers, T., Gilderdale Scott, H.,
& Eavis, A. (2019). Regional patterns in medieval European glass composition as a
provenancing tool. Journal of Archaeological Science, 110, 104991.

https://doi.org/10.1016/j.jas.2019.104991

Aguilar-Santana, J. L., Jarimi, H., Velasco-Carrasco, M., & Riffat, S. (2020). Review on
window-glazing technologies and future prospects. International Journal of Low-

Carbon Technologies, 15(1), 112-120. https://doi.org/10.1093/ijlct/ctz032

Ajaji, Y., & André, P. (2015). Thermal Comfort and Visual Comfort in an Office Building
Equipped with Smart Electrochromic Glazing: An Experimental Study. Energy

Procedia, 78, 2464—-2469. https://doi.org/10.1016/j.eqypro.2015.11.230

Allen, K., Connelly, K., Rutherford, P., & Wu, Y. (2017). Smart windows—Dynamic control
of building energy performance. Energy and Buildings, 139, 535-546.

https://doi.org/10.1016/j.enbuild.2016.12.093

Bamford, C. R. (1977). Colour Generation and Control in Glass. North-Holland.

Bo Rang Park, Hong, J., Eun Ji Choi, Young Jae Choi, Lee, C., & Jin Woo Moon. (2019).
Improvement in Energy Performance of Building Envelope Incorporating
Electrochromic Windows (ECWSs). Energies, 12(6), 1181-1181.

https://doi.org/10.3390/en12061181

Brzezicki, M. (2021). A Systematic Review of the Most Recent Concepts in Smart Windows
Technologies with a Focus on Electrochromics. Sustainability, 13(17), 9604.

https://doi.org/10.3390/su13179604

46


https://doi.org/10.1016/j.apenergy.2019.113522
https://doi.org/10.1016/j.jas.2019.104991
https://doi.org/10.1093/ijlct/ctz032
https://doi.org/10.1016/j.egypro.2015.11.230
https://doi.org/10.1016/j.enbuild.2016.12.093
https://doi.org/10.3390/en12061181
https://doi.org/10.3390/su13179604

Buschow, K. H. J. (2001). Encyclopedia of materials : science and technology. Elsevier.

https://www.sciencedirect.com/referencework/9780080431529/encyclopedia-of-

materials-science-and-technology

Cannavale, A., Ayr, U., Fiorito, F., & Martellotta, F. (2020). Smart Electrochromic Windows
to Enhance Building Energy Efficiency and Visual Comfort. Energies, 13(6), 1449.

https://doi.org/10.3390/en13061449

Cao, D., Xu, C., Lu, W., Qin, C., & Cheng, S. (2018). Sunlight-Driven Photo-
Thermochromic Smart Windows. Solar RRL, 2(4), 17002109.

https://doi.org/10.1002/s0lr.201700219

Casini, M. (2018). Active dynamic windows for buildings: A review. Renewable Energy,

119, 923-934. https://doi.org/10.1016/j.renene.2017.12.049

Chou, H.-T., Chen, Y.-C., Lee, C.-Y., Chang, H.-Y., & Tai, N.-H. (2017). Switchable
transparency of dual-controlled smart glass prepared with hydrogel-containing
graphene oxide for energy efficiency. Solar Energy Materials and Solar Cells, 166,

45 51. https://doi.org/10.1016/j.solmat.2017.01.025

Davison, S., & Newton, R. G. (2008). Conservation and Restoration of Glass. In Routledge

eBooks. Informa. https://doi.org/10.4324/9780080569314

Fernandes, L., Lee, E., Dickerhoff, D., Thanachareonkit, A., Wang, T., & Gehbauer, C.
(2018). Electrochromic Window Demonstration at the John E. Moss Federal
Building, 650 Capitol Mall, Sacramento, California Energy Technologies Area.

https://eta-publications.lbl.gov/sites/default/files/Ibnl-2001183 0.pdf

Ghosh, A., & Norton, B. (2018). Advances in switchable and highly insulating autonomous
(self-powered) glazing systems for adaptive low energy buildings. Renewable Energy,

126, 1003-1031. https://doi.org/10.1016/j.renene.2018.04.038

47


https://www.sciencedirect.com/referencework/9780080431529/encyclopedia-of-materials-science-and-technology
https://www.sciencedirect.com/referencework/9780080431529/encyclopedia-of-materials-science-and-technology
https://doi.org/10.3390/en13061449
https://doi.org/10.1002/solr.201700219
https://doi.org/10.1016/j.renene.2017.12.049
https://doi.org/10.1016/j.solmat.2017.01.025
https://doi.org/10.4324/9780080569314
https://eta-publications.lbl.gov/sites/default/files/lbnl-2001183_0.pdf
https://doi.org/10.1016/j.renene.2018.04.038

Granqvist, C. G., Arvizu, M. A., Bayrak Pehlivan, i., Qu, H.-Y. ., Wen, R.-T. ., & Niklasson,
G. A. (2018). Electrochromic materials and devices for energy efficiency and human
comfort in buildings: A critical review. Electrochimica Acta, 259, 1170-1182.

https://doi.org/10.1016/j.electacta.2017.11.169

Hannes Reynisson. (2015). Energy Performance of Dynamic Windows in Different Climates.
Heidari Matin, N., & Eydgahi, A. (2019). Technologies used in responsive facade systems: a
comparative study. Intelligent Buildings International, 1-20.

https://doi.org/10.1080/17508975.2019.1577213

Jalia, A., Bakker, R., Architecture, P., Dr, L., & Ramage, M. (2018). The Edge, Amsterdam
Showcasing an exemplary 10T building.

https://www.cdbb.cam.ac.uk/system/files/documents/TheEdge Paper LOWA1.pdf

Jelle, B. P., Hynd, A., Gustavsen, A., Arasteh, D., Goudey, H., & Hart, R. (2012).
Fenestration of today and tomorrow: A state-of-the-art review and future research
opportunities. Solar Energy Materials and Solar Cells, 96, 1-28.

https://doi.org/10.1016/j.s0lmat.2011.08.010

Kabanshi, A., Gasper Choonya, Ameen, A., Liu, W., & Enock Mulenga. (2023). Windows of
Opportunities: Orientation, Sizing and PV-Shading of the Glazed Area to Reduce
Cooling Energy Demand in Sub-Sahara Africa. Energies, 16(9), 3834-3834.

https://doi.org/10.3390/en16093834

Ke, Y., Chen, J, Lin, G., Wang, S., Zhou, Y., Yin, J., Lee, P. S., & Long, Y. (2019). Smart
Windows: Electro-, Thermo-, Mechano-, Photochromics, and Beyond. Advanced

Energy Materials, 9(39), 1902066. https://doi.org/10.1002/aenm.201902066

Khanzadeh, H. (2023, September 18). Smart Windows For Smart Buildings; Comprehensive

Guide 2024 - Neuroject. Neuroject. https://neuroject.com/smart-

48


https://doi.org/10.1016/j.electacta.2017.11.169
https://doi.org/10.1080/17508975.2019.1577213
https://www.cdbb.cam.ac.uk/system/files/documents/TheEdge_Paper_LOW1.pdf
https://doi.org/10.1016/j.solmat.2011.08.010
https://doi.org/10.3390/en16093834
https://doi.org/10.1002/aenm.201902066
https://neuroject.com/smart-windows/#Case_Study_2_Smart_Office_Complex_%E2%80%93_The_Crystal_London

windows/#Case Study 2 Smart Office Complex %E2%80%93 The Crystal Lond

on
Kim, J.-H., Hong, J., & Han, S.-H. (2021). Optimized Physical Properties of Electrochromic
Smart Windows to Reduce Cooling and Heating Loads of Office Buildings.

Sustainability, 13(4), 1815. https://doi.org/10.3390/su13041815

Kowalczyk, Z., & Tomasik, M. (2023). Economic and Energy Analysis of the Operation of
Windows in Residential Buildings in Poland. Energies, 16(19), 6810.

https://doi.org/10.3390/en16196810

Lamontagne, B., Fong, N. R., Song, I.-H., Ma, P., Barrios, P., & Poitras, D. (2019). Review
of microshutters for switchable glass. Journal of Micro/Nanolithography, MEMS, and

MOEMS, 18(04), 1-1. https://doi.org/10.1117/1.jmm.18.4.040901

Lee, Y.-H., Kang, J. S., Park, J.-H., Kang, J., Jo, I.-R., Sung, Y .-E., & Ahn, K.-S. (2020).
Color-switchable electrochromic Co(OH)2/Ni(OH)2 nanofilms with ultrafast kinetics
for multifunctional smart windows. Nano Energy, 72, 104720.

https://doi.org/10.1016/j.nanoen.2020.104720

Lei, Q., Wang, L., Xie, H., & Yu, W. (2022). Active-passive dual-control smart window with
thermochromic synergistic fluidic glass for building energy efficiency. Building and

Environment, 222, 109407. https://doi.org/10.1016/j.buildenv.2022.109407

Li, M., Yassin, O. A., Baczkowski, M. L., Zhang, X., Daniels, R., Deshmukh, A. A., Zhu, Y.,
Otley, M. T., & Sotzing, G. A. (2020). Colorless to black electrochromic devices
using subtractive color mixing of two electrochromes: A conjugated polymer with a
small organic molecule. Organic Electronics, 84, 105748.

https://doi.org/10.1016/j.0rgel.2020.105748

49


https://neuroject.com/smart-windows/#Case_Study_2_Smart_Office_Complex_%E2%80%93_The_Crystal_London
https://neuroject.com/smart-windows/#Case_Study_2_Smart_Office_Complex_%E2%80%93_The_Crystal_London
https://doi.org/10.3390/su13041815
https://doi.org/10.3390/en16196810
https://doi.org/10.1117/1.jmm.18.4.040901
https://doi.org/10.1016/j.nanoen.2020.104720
https://doi.org/10.1016/j.buildenv.2022.109407
https://doi.org/10.1016/j.orgel.2020.105748

Li, W., Lin, C., Huang, G., Hur, J., Huang, B., & Yao, S. (2022). Selective Solar Harvesting
Windows for Full-Spectrum Utilization. Advanced Science, 9(21), 2201738.

https://doi.org/10.1002/advs.202201738

Li, Z., Ju, J., & Xu, W. (2015). Daylighting Control Performance and Subject Responses to
Electrochromic Windows in a Meeting Room. Procedia Engineering, 121, 27-32.

https://doi.org/10.1016/j.proenqg.2015.08.1014

Liu, X., & Wu, Y. (2022). A review of advanced architectural glazing technologies for solar
energy conversion and intelligent daylighting control. Architectural Intelligence, 1(1).

https://doi.org/10.1007/s44223-022-00009-6

Ma, T., Li, B., Tian, S., Qian, J., Zhou, L., Liu, Q., Liu, B., Zhao, X., & Sankar, G. (2023).
Reversible photochromic W18049: Mechanism revealing and performance
improvement for smart windows. Chemical Engineering Journal, 468, 143587

143587. https://doi.org/10.1016/j.ce].2023.143587

Meng, Y., Tan, Y., Li, X., Cai, Y., Peng, J., & Long, Y. (2022). Building-integrated
photovoltaic smart window with energy generation and conservation. Applied Energy,

324, 119676. https://doi.org/10.1016/j.apenerqy.2022.119676

Mesloub, A., Ghosh, A., Kolsi, L., & Alshenaifi, M. (2022). Polymer-Dispersed Liquid
Crystal (PDLC) smart switchable windows for less-energy hungry buildings and
visual comfort in hot desert climate. Journal of Building Engineering, 59, 105101.

https://doi.org/10.1016/j.jobe.2022.105101

Nicoletti, F., Kaliakatsos, D., Ferraro, V., & Cucumo, M. A. (2022). Analysis of the energy
and visual performance of a building with photochromic windows for a location in
southern Italy. Building and Environment, 224, 109570.

https://doi.org/10.1016/j.buildenv.2022.109570

50


https://doi.org/10.1002/advs.202201738
https://doi.org/10.1016/j.proeng.2015.08.1014
https://doi.org/10.1007/s44223-022-00009-6
https://doi.org/10.1016/j.cej.2023.143587
https://doi.org/10.1016/j.apenergy.2022.119676
https://doi.org/10.1016/j.jobe.2022.105101
https://doi.org/10.1016/j.buildenv.2022.109570

Nundy, S., Mesloub, A., Alsolami, B. M., & Ghosh, A. (2021). Electrically actuated visible
and near-infrared regulating switchable smart window for energy positive building: A
review. Journal of Cleaner Production, 301, 126854.

https://doi.org/10.1016/j.jclepro.2021.126854

Pereira, J., Teixeira, H., Gomes, M. da G., & Moret Rodrigues, A. (2022). Performance of

Solar Control Films on Building Glazing: A Literature Review. Applied Sciences,

12(12), 5923. https://doi.org/10.3390/app12125923
Piccolo, A., & Simone, F. (2015). Performance requirements for electrochromic smart
window. Journal of Building Engineering, 3, 94-103.

https://doi.org/10.1016/j.jobe.2015.07.002

Radwan, A., Katsura, T., Memon, S., Serageldin, A. A., Nakamura, M., & Nagano, K.
(2020). Thermal and electrical performances of semi-transparent photovoltaic glazing
integrated with translucent vacuum insulation panel and vacuum glazing. Energy
Conversion and Management, 215, 112920.

https://doi.org/10.1016/j.enconman.2020.112920

Rashidzadeh, Z., & Heidari Matin, N. (2023, January 26). A Comparative Study on Smart
Windows Focusing on Climate-Based Energy Performance and Users’ Comfort

Attributes. Sustainability, 15(3), 2294. https://doi.org/10.3390/su15032294

Resch, K., & Wallner, G. M. (2009). Thermotropic layers for flat-plate collectors—A review
of various concepts for overheating protection with polymeric materials. Solar Energy
Materials and Solar Cells, 93(1), 119-128.

https://doi.org/10.1016/j.solmat.2008.09.004

SIEMENS. (2015). The Crystal: one of the most sustainable buildings in the world.

https://www.inawe.in/wp-content/uploads/2015/12/The-Crystal-Sustainability-

Features.pdf

51


https://doi.org/10.1016/j.jclepro.2021.126854
https://doi.org/10.3390/app12125923
https://doi.org/10.1016/j.jobe.2015.07.002
https://doi.org/10.1016/j.enconman.2020.112920
https://doi.org/10.3390/su15032294
https://doi.org/10.1016/j.solmat.2008.09.004
https://www.inawe.in/wp-content/uploads/2015/12/The-Crystal-Sustainability-Features.pdf
https://www.inawe.in/wp-content/uploads/2015/12/The-Crystal-Sustainability-Features.pdf

siemens. (2012). Siemens opens urban development center — the Crystal — in London.

Press.siemens.com. https://press.siemens.com/global/en/pressrelease/siemens-opens-

urban-development-center-crystal-london-worlds-largest-exhibition

Syrrokostas, G., Leftheriotis, G., & Yannopoulos, S. N. (2022). Lessons learned from 25
years of development of photoelectrochromic devices: A technical review. Renewable
and Sustainable Energy Reviews, 162, 112462.

https://doi.org/10.1016/j.rser.2022.112462

Tabata Genovese Shinoda, & Moretti, R. (2024). The Crystal Building: Sustainable
performance and technologies. Seven Editora EBooks.

https://doi.org/10.56238/sevened2024.003-001

Tallberg, R., Jelle, B. P., Loonen, R., Gao, T., & Hamdy, M. (2019). Comparison of the
energy saving potential of adaptive and controllable smart windows: A state-of-the-art
review and simulation studies of thermochromic, photochromic and electrochromic
technologies. Solar Energy Materials and Solar Cells, 200, 109828.

https://doi.org/10.1016/j.s0lmat.2019.02.041

Wang, H., Barrett, M. O., Duane, B., Gu, J., & Zenhausern, F. (2018). Materials and
processing of polymer-based electrochromic devices. Materials Science and

Engineering: B, 228, 167-174. https://doi.org/10.1016/j.mseb.2017.11.016

wilkinson Eyre Architects. (2022). The Crystal. WilkinsonEyre.

https://wilkinsoneyre.com/projects/the-crystal

Yang, Y.-S., Zhou, Y., Yin Chiang, F. B., & Long, Y. (2016). Temperature-responsive
hydroxypropylcellulose based thermochromic material and its smart window

application. RSC Advances, 6(66), 61449-61453. https://doi.org/10.1039/c6ral2454b

Case studies, Sageglass, from https://www.sageglass.com/case-studies/ruselokka-school , (Retrieved
08.05.2024)

52


https://press.siemens.com/global/en/pressrelease/siemens-opens-urban-development-center-crystal-london-worlds-largest-exhibition
https://press.siemens.com/global/en/pressrelease/siemens-opens-urban-development-center-crystal-london-worlds-largest-exhibition
https://doi.org/10.1016/j.rser.2022.112462
https://doi.org/10.56238/sevened2024.003-001
https://doi.org/10.1016/j.solmat.2019.02.041
https://doi.org/10.1016/j.mseb.2017.11.016
https://wilkinsoneyre.com/projects/the-crystal
https://doi.org/10.1039/c6ra12454b
https://www.sageglass.com/case-studies/ruselokka-school

53



