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REVIEW

Evaluating UV-Protective Low-Emissivity Window
Films: Implications for Thermal and Visual
Comfort in Luminous Office Buildings

Lina M. Shaker

Al-Ayen Iraqi University (AUIQ), Nile St, Nasiriyah, Dhi Qar, 64001, Iraq

ABSTRACT

This review article explores the integration of thin window films and solar energy systems to enhance thermal comfort
in luminous office buildings. Luminous office buildings, which prioritize natural lighting, often face challenges in
maintaining thermal comfort for occupants. By integrating solar energy systems, such as photovoltaic (PV) and solar
thermal systems, with thin window films, it is possible to optimize thermal comfort while harnessing sustainable energy
sources. Thin window films act as a barrier against solar radiation, reducing heat gain while allowing therapeutic blue
light (400–520 nm) transmission. The advantages of thin window films include improved thermal insulation, glare
reduction, and harmful ultraviolet (UV) band protection. Case studies reveal that the integration of low emissivity
(Low-E) films resulted in up to a 30% reduction in energy consumption for heating and cooling, while also enhancing
indoor thermal comfort. Solar energy systems contributed to a 20% increase in energy efficiency by supplementing the
building’s energy needs. Furthermore, Low-E films support the public health and CO2 emission reduction by cutting
down the energy requirement of the buildings leading to lower greenhouse gas emission, better air quality, and
more comfortable indoor environments. Through these influences, such thin films provide the efforts for improving
environmental health and foster sustainable urban living.

Keywords: UV protective low-E films, CO2 emissions reduction, Public health benefits, Luminous office building, Thermal
comfort

1. Introduction

The concepts of luminous office building, charac-
terized by abundant of natural lighting has gained
wide attention in the recent years. With the grow-
ing awareness of natural light benefits for occupant
well-being and architects and designers are getting
important in case of the incorporation of large win-
dows and transparent facades in the office buildings
[1]. Luminous buildings aimed to create or establish
a healthy environment in term of sufficient vitamin D
synthesis and comfort in term of visual and thermal
comfort, in addition to the luminous office buildings
aims like the foster productivity, creativity, and the
overall occupancy [2]. Natural light is desirable goal,

which poses certain challenging cases particularly
in terms of maintaining thermal and visual comfort.
That increment then select penetration through ex-
tensive window can result in excessive heat gain
during hot summer months. As a result, the occu-
pant’s discomfort would be a real problem and should
be solved immediately. Balancing between harness-
ing the natural light and managing the heat transfer
from the windows to the inner spaces in the building
become crucial matter for creating sustainable un-
comfortable work environments [3]. It is possible to
optimize the energy efficiency and occupancy of well-
being by combining the benefits of solar radiation and
heat limitation by applying low emissivity (Low-E)
window films the building’s windows [4]. These thin
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Fig. 1. In sequence the typical layers of thin window films. From the outer layer (top) to the inner layer (down).

films, according to Pereira et al. in 2020, are indus-
trially made of 8 main layers; scratch-resistive layer,
polyester [5], metal [6], lamination adhesive [7],
UV resin is the sixth layer, adhesive, and protective
release liner as shown in Fig. 1 [8].

Thin window films made of different compounds
to achieve their distinctive functional characteristics.
Mainly, Polyethylene Terephthalate (PET) due to its
high transparency and durability, it is often used as
the base material [9]. Sometimes, Polyvinyl Chlo-
ride (PVC) is used to make the films acquire more
privacy characteristics, decorative applications, and
flexibility. PVC thin films typically exhibit improved
blocking performance, durability, and stability [10].
In their available various types, acrylic adhesives,
ensure a strong bonding to glass surfaces without
compromising visibility [11]. Metal oxides, like the
Zinc oxide open embedded within the film matrix for
UV protection properties [12]. On the other hand,
Titanium dioxide or ceramic nanoparticles aid in heat

rejection and CO2 capturing [13]. Such like the latter
metal oxides, Silver and Aluminum have antimicro-
bial properties and they are commonly incorporated
in the Low-E window films [14], they are also used
for enhancing the IR radiation reflection to reduce the
heat transfer to the inner spaces [15]. To extend the
lifespan of the thin films and preserving the clarity
over time, UV stabilizers like Benzotriazole deriva-
tives are integrated within the polymer matrix [16].

There is another benefit in addition to thermal
comfort, is reducing the cooling loads which in turn
minimize reliance on conventional energy grid [17].
This will acquire the office building a sustainable
energy solution When it is integrated to solar thermal
systems for water heating purposes and electricity
generation solar energy systems like Photovoltaic
(PV) systems [18]. By incorporating these technolo-
gies into the luminous office buildings, an abundance
of sunlight would generate electricity without relying
on the fossil fuel [19]. In summer, the insulation
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factor of thin window films would help in reduc-
ing the inner temperature [20]. The combination of
Low-E films with solar energy systems leading to
substantial energy saving and a decrease in carbon
footprint [21]. These films are cost effective as they
can be applied easily in any type or shape of the
windows. Furthermore, these films selectively filter
out the harmful UV rays’ bands, allowing the useful
blue rays (400–520 nm) to transmit, and reflect the
IR radiation to the outer environment [22]. These ex-
amples serve the illustration of the benefits achieved
by thin window films, including enhancement com-
fort, visual comfort, architectural design, improved
energy efficiency, and increased occupants’ satisfy-
ing [23]. Low-E window films are contributing to
the achievement of the global sustainable develop-
ment goals (SDGs); especially when they are aligned
with SDGs 3 (Good health and well-being), SDGs
7 (Affordable and clean energy), SDGs 9 (Industry,
innovation, and infrastructure), SDGs 11 (Sustain-
able cities and communities), SDGs 12 (Responsible
consumption and production), and SDGs 13 (Climate
action) [24]. Managing heat transfer while allowing
sufficient light poses a complex challenge to design-
ers, architects, and building professionals. The main
issue is ensuring indoor environments remain com-
fortable while minimizing energy consumption. This
challenge involves mitigating glare, managing tem-
perature variability, and ensuring occupant comfort.
This review article aims to explore the integration of
Low-E films with solar energy production and heat-
ing systems in luminous office buildings, highlighting
their role in maintaining indoor thermal comfort, en-
ergy efficiency, and the well-being of occupants. By
examining real-world case studies, the paper delves
into how these films balance natural light transmis-
sion and heat management, fostering energy-efficient
environments without compromising public health.
Furthermore, the biological aspect of the work in-
cludes an emphasis on the health benefits of properly
managing indoor climates, particularly in relation to
reducing glare, temperature-related discomfort, and
potential long-term health impacts due to poor in-
door environmental conditions. This review will also
explore how such systems can enhance visual and
thermal comfort, contributing to improved occupant
well-being.

2. Importance of thermal comfort in office
buildings

Thermal coverage plays a crucial role in the
cognitive-related tasks of the individuals, public
health, and overall well-being occupants in the office

buildings as well as our houses. It refers to the con-
ditions where the individuals feel satisfied with the
environmental thermal conditions surrounding them,
neither too hot nor too cold [25]. Continuing the
optimal thermal comfort levels is necessary due to
several reasons as listed below:

1. Occupant productivity: thermal comfort directly
affects the individual performance and the pro-
ductivity in both office and house settings.
When the individuals are exposing to extreme
temperatures or fluctuations, they’re ability to
focus and perform control cognitive tasks can
be sufficiently affected [26]. Uncomfortable
thermal conditions lead to destruction might
use attention span and decrease the individ-
ual’s cognitive-related performance; Oppositely,
stable thermal environment promotes better
focusing, good cognitive-related tasks produc-
tivity, and overall job satisfaction [27].

2. Health and well-being: thermal comfort has a
substantial impact on the health and well-being
of the office and houses occupants [28]. Ex-
posing them to extreme temperatures weather
excessively hot or cold can lead to various health
issues. e.g., according to Pilcher el. al study,
exposing a group of employers to 32.22°C in
different durations negatively affect their perfor-
mance by 14.88%, also, their performance has
been affected negatively when exposing them to
10°C by 13.91% [29]. Hot environments may
experience heat stress to the individuals, De-
hydration, fatigue, and heat related illnesses
[30]. On the other hand, cold environments
contribute to discomfort respiratory problems
and increased susceptibility to cold and viruses
[31]. Preserving the optimal thermal comfort
levels hello tune mitigate the risk of tempera-
ture degree to ensure the physical well-being of
occupants [32].

3. Occupants’ satisfaction: people are spending a
significant portion of their time in the office
buildings. When they feel satisfied in terms of
temperature, they tend to have more positive
performance and perception of their workspace,
leading to overall positive performance as ex-
plained before. Oppositely, discomfort due to
thermal issues lead to complaints and absen-
teeism due to heath issues [33].

4. Energy efficiency and sustainability: property
rights managing thermal comfort in the of-
fice buildings contributes to sustainable energy
production in high efficiency. People tend to
use their personal cooling devices like fans or
heating devices like heaters when they feel
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Fig. 2. Main key points used to enhance the inner spaces comfort in luminous office buildings through applying the passive solar strategies
for thermal insulation and preserving the natural light transmission.

uncomfortable in office environments. These
methods consume additional energy from the
conventional grid. So, providing well-regulated
and comfortable environment minimize the de-
pendence of occupants on their personal heating
or cooling devices then reducing the energy con-
sumption and promoting the sustainability [34].

5. Compliance with the standards and regulations:
compliance with the global regulations and
standards regarding the indoor environmental
quality, including thermal comfort, is essential
for preserving the healthy and safe working en-
vironment. Failing to meet these regulations and
standards expose the building owners and man-
agers to legal consequences [35].

By prioritizing and optimizing the thermal comfort,
office buildings environments will be conducted as
supportive for the occupants, using to enhance the
overall individual performance and preserving the
health of well-being inside. Fig. 2 and Table 1 are
summarizing the main key points to enhance the ther-
mal comfort in luminous office buildings.

3. Challenges in achieving thermal and
visual comfort in luminous office buildings:
Balancing natural light and heat
management

Achieving thermal and visual comfort in luminous
office buildings presents several challenges due to the
unique characteristics and design elements associated

with these spaces. Low-E films are typically composed
of layers of metallic or metal-oxide coatings that are
thin enough to be transparent but engineered to selec-
tively manage heat and light transmission [36]. The
reduction of infrared and UV rays plays a critical role
in improving indoor thermal comfort without causing
the over-reliance on artificial lighting. Some of the
key challenges include:

1. Heat Gain and Solar Radiation: Luminous office
buildings typically feature extensive glazing,
large windows, and transparent facades to max-
imize natural light. While this promotes a bright
and inviting workspace, it also increases the
potential for heat gain through solar radiation.
Sunlight entering through windows can signifi-
cantly increase the indoor temperature, leading
to discomfort for occupants. Managing heat gain
effectively without compromising the benefits of
natural light is a major challenge [37]. These
films work by reflecting a portion of the infrared
(IR) spectrum while allowing visible light to
pass through, thereby reducing solar heat gain
while maintaining adequate natural light levels
[38]. From a biological perspective, maintaining
a balance between natural light and tempera-
ture control is crucial for occupant health and
productivity. Natural light is vital for regulat-
ing circadian rhythms, which affect sleep, mood,
and overall well-being [39].

2. Inconsistent Temperature Distribution: Due to
the presence of large windows and exten-
sive glazing, temperature distribution within
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Table 1. Summary of the key points for enhancing thermal comfort in luminous office buildings through solar energy integration.

Strategies Key points

Passive Solar Design Strategies Maximize natural light, use window glazing and solar control films, incorporate shading
devices to minimize heat gain and enhance thermal comfort.

Photovoltaic (PV) Panels for Energy
Generation

Install rooftop solar panels or use Building-Integrated Photovoltaics (BIPV) to generate clean
energy while maintaining natural illumination.

Solar-Assisted HVAC Systems Implement solar-powered cooling systems like absorption chillers, and use hybrid HVAC
systems to supplement heating and cooling needs.

Thermal Mass and Insulation Incorporate thermal mass materials to maintain consistent indoor temperatures and improve
insulation to minimize heat gain and loss.

Smart Building Technologies Use energy management systems (EMS) and dynamic façade systems to optimize light and
heat control and improve energy efficiency.

Daylighting Integration Integrate daylighting controls and light shelves to balance natural illumination, reducing
artificial lighting and heat generation.

Ventilation and Airflow Management Use natural ventilation and solar chimneys to enhance airflow, improving passive cooling
during warmer months.

Energy Storage Solutions Use solar thermal storage to store excess heat for later use, and battery storage to capture
excess photovoltaic energy.

Green Roofs and Solar Shading Install green roofs to provide insulation and reduce heat gain, while integrating solar panels
for shading and energy generation.

luminous office buildings can be uneven. Low-E
coatings consist of multiple layers of thin, trans-
parent metallic oxides, usually applied on or
between glass panes [40]. These films reflect IR
radiation, reducing the heat transfer from out-
side to inside the building during summer and
minimizing heat loss during winter [41]. Direct
exposure to sunlight can result in hot spots near
windows, while areas farther from the windows
may experience cooler temperatures [42]. This
temperature variation can cause discomfort and
make it challenging to maintain a consistent
and comfortable thermal environment through-
out the space [43].

3. Glare and Visual Discomfort: Excessive sun-
light entering through windows can create glare,
which is the excessive brightness or contrast
that impairs vision and causes visual discomfort
[44]. Glare can lead to eye strain, reduced vi-
sual acuity, and difficulty in reading or viewing
screens. Balancing the desire for natural light
with the need to minimize glare is a significant
challenge in achieving optimal thermal and vi-
sual comfort in luminous office buildings [45].
Prolonged exposure to heat, on the other hand,
can cause discomfort, fatigue, and reduced cog-
nitive performance [46]. By using thin films
to manage heat, we ensure that the biological
benefits of natural daylight, such as its positive
effects on mood and alertness, are retained while
minimizing the adverse effects of excessive heat
exposure. This creates a more comfortable and
healthier indoor environment.

4. HVAC System Design and Control: The design
and control of the heating, ventilation, and air
conditioning (HVAC) system play a crucial role

in achieving thermal comfort. However, in lumi-
nous office buildings, the presence of extensive
glazing and sunlight penetration can signifi-
cantly impact the HVAC system’s performance.
Proper HVAC system design, including equip-
ment sizing, distribution, and control strategies,
is essential to effectively regulate indoor temper-
atures and maintain thermal comfort [47]. (e.g.,
metal oxide coatings or multi-layered thin films)
plays a major role in achieving this balance.
These films often have low emissivity values
(around 0.04 to 0.10), minimizing heat transfer
through radiation while maximizing the passage
of natural light [48].

5. Energy Efficiency Considerations: While max-
imizing natural light is desirable for energy
efficiency and occupant well-being, it can pose
challenges in maintaining thermal comfort with-
out relying heavily on energy-consuming cool-
ing systems. The trade-off between natural light
and energy efficiency requires careful consider-
ation to strike a balance that minimizes energy
consumption while ensuring occupants’ ther-
mal comfort [49]. For example, photochromic
film presents an attractive strategy for achieving
more energy-efficient buildings and carbon neu-
trality to combat global climate change with a
high luminous transparency of 91%, solar heat
transmittance of 73%, and modulation of solar
heat gain coefficient of 0.5 [38].

6. Retrofitting Existing Buildings: Retrofitting ex-
isting office buildings to improve thermal com-
fort poses additional challenges. Modifying the
building envelope, including adding or replac-
ing windows, integrating thin window films,
or incorporating solar energy systems, requires



AUIQ COMPLEMENTARY BIOLOGICAL SYSTEM 1 (2024) 46–60 51

careful planning and implementation [50].
Retrofitting projects must address structural lim-
itations, architectural compatibility, and cost
considerations while achieving the desired ther-
mal and visual comfort improvements [37].

Addressing these challenges requires a comprehen-
sive and integrated approach. Solutions may involve
a combination of architectural design strategies, such
as optimizing window orientation and shading de-
vices, using high-performance glazing materials, and
implementing intelligent lighting controls. Addition-
ally, advanced HVAC systems, such as zoned heating
and cooling and adaptive controls, can help regu-
late temperature distribution and improve energy
efficiency.

4. Solar energy integration in luminous
office buildings

Incorporating solar energy systems in office build-
ings offers numerous benefits, ranging from envi-
ronmental sustainability to cost savings and energy
efficiency.

4.1. Benefits of incorporating solar energy systems

1. Renewable and Sustainable Energy: Solar energy
is a clean, renewable source of energy that helps
reduce reliance on fossil fuels and decreases
carbon emissions. By harnessing sunlight to gen-
erate electricity or heat, office buildings can
contribute to a more sustainable energy future
and support environmental conservation efforts
[51].

2. Cost Savings: Solar energy systems can lead to
significant cost savings in the long run. Once in-
stalled, solar panels can generate electricity with
minimal operational costs, reducing dependency
on traditional energy grids and lowering utility
bills. Additionally, solar energy systems may be
eligible for government incentives, tax credits,
and feed-in tariff programs, further enhancing
the financial benefits [52].

3. Energy Independence and Resilience: By inte-
grating solar energy systems, office buildings
can enhance their energy independence and re-
silience. They become less reliant on external
energy sources, reducing vulnerability to power
outages and grid disruptions. This increased
energy self-sufficiency provides a reliable and
stable energy supply, enhancing the operational
continuity of the building [53].

4. Positive Environmental Impact: Solar energy
integration helps reduce greenhouse gas emis-
sions and contributes to combating climate
change. By utilizing clean and renewable en-
ergy, office buildings can lower their carbon
footprint, promote environmental stewardship,
and demonstrate corporate social responsibility
[54].

5. Public Image and Green Building Certification:
Incorporating solar energy systems enhances the
public image of office buildings and organiza-
tions. Embracing renewable energy technologies
showcases a commitment to sustainability and
positions the building as an environmentally
conscious entity. Moreover, solar energy in-
tegration can contribute to achieving green
building certifications such as LEED (Leadership
in Energy and Environmental Design), further
validating the building’s environmental creden-
tials [55].

4.2. Solar energy integration strategies

1. PV Systems: PV systems convert sunlight directly
into electricity using solar panels made of semi-
conductor materials. These systems are the most
common form of solar energy integration in of-
fice buildings. PV systems can be installed on
rooftops, facades, or even as standalone solar ar-
rays [56]. The generated electricity can be used
on-site to power various building functions or
fed back into the grid through net metering ar-
rangements. PV systems offer flexibility in terms
of system size, design, and scalability, making
them suitable for a range of building types and
sizes [18].

2. Solar Thermal Systems: Solar thermal systems
harness sunlight to generate heat for various
purposes, such as space heating, water heating,
and process heating. In office buildings, solar
thermal systems can provide hot water for wash-
rooms, showers, and kitchen facilities. These
systems consist of solar collectors that absorb
sunlight and transfer the captured heat to a fluid,
which can then be used directly or stored for
later use [57]. Solar thermal systems are par-
ticularly beneficial in regions with high heating
demands and can significantly reduce reliance
on conventional heating sources [58].

3. Hybrid Solutions: Hybrid solar energy systems
combine both PV and solar thermal technologies
to maximize energy production and efficiency.
These systems capitalize on the strengths of both
technologies, utilizing solar panels to generate
electricity and solar collectors to capture heat.
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The electricity generated can power the build-
ing’s electrical systems, while the captured heat
can be used for space heating, water heating,
or other thermal applications. Hybrid solutions
provide a holistic approach to solar energy
integration, optimizing energy utilization and
enhancing overall system performance [59].

Incorporating solar energy systems in office build-
ings offers a wide range of benefits, including
renewable energy generation, cost savings, energy
independence, environmental impact reduction, and
enhanced public image. PV systems, solar thermal
systems, and hybrid solutions are effective strategies
for integrating solar energy. Each strategy provides
unique advantages and can be tailored to suit the
specific energy needs and requirements of the of-
fice building. By embracing solar energy integration,
office buildings can embrace sustainability, reduce
operating costs, and contribute to a greener future.

5. Low-E window films and vitamin D:
Balancing efficiency and health

For adequate vitamin D synthesis, direct sunlight
exposure [60], or alternative sources such as dietary
intake or supplements, may be needed if Low-E films
are used extensively in a living or working space
[61]. Low-E thin window films can potentially reduce
vitamin D production because they block a signifi-
cant portion of UV radiation, particularly UVB rays,
which are necessary for the skin to synthesize vi-
tamin D [62]. While Low-E films are designed to
minimize heat and UV transmission to enhance en-
ergy efficiency and protect indoor environments, this
reduction in UVB exposure could limit the natural
production of vitamin D for individuals who rely on
sunlight through windows. The use of thin window
films, particularly Low-E films, can significantly con-
tribute to global public health and CO2 emissions
reduction by improving building energy efficiency.
Here’s how the relationship unfolds:

5.1. Reducing CO2 Emissions

1. Lower Energy Demand: Low-E window films
minimize heat gain in the summer and reduce
heat loss in the winter [63]. This leads to a
decrease in energy demand for heating and cool-
ing, which are major contributors to a building’s
carbon footprint [64]. Reduced energy demand
means lower fossil fuel consumption, thereby
decreasing CO2 emissions associated with power
generation [65].

2. Climate Mitigation: By lowering greenhouse gas
emissions, these films indirectly contribute to
mitigating climate change [66]. Lessening the
effects of climate change helps stabilize global
temperatures, which is crucial for reducing the
frequency and severity of climate-related health
risks, such as heatwaves and respiratory issues
due to pollution [67].

5.2. Public Health Benefits

1. Improved Air Quality: The reduction in energy
consumption means fewer emissions from power
plants, especially those burning coal, oil, or nat-
ural gas. This leads to improved air quality, as
there are fewer pollutants like sulfur dioxide
(SO2), nitrogen oxides (NOx), and particulate
matter [68]. Cleaner air reduces the incidence of
respiratory diseases, asthma, and cardiovascular
conditions.

2. Thermal Comfort and Well-being: By maintain-
ing more stable indoor temperatures, Low-E
films enhance thermal comfort in buildings [69].
Stable temperatures reduce stress on the human
body, minimizing the risk of heat-related ill-
nesses and improving overall well-being [70].
This is particularly important for vulnerable
populations, such as the elderly and those with
pre-existing health conditions.

3. Energy Security and Resilience: Lower energy
demand can ease the burden on electrical grids,
especially during peak times, thus reducing the
likelihood of blackouts [71]. This resilience
is crucial in maintaining healthcare facilities’
operations and other essential services during
extreme weather events.

5.3. Contributing to SDGs

1. By promoting energy efficiency, Low-E films
contribute to several SDGs, particularly SDG 3
(Good Health and Well-being), SDG 7 (Afford-
able and Clean Energy), and SDG 13 (Climate
Action) [72]. The alignment with these goals
emphasizes the films’ role in fostering health-
ier living environments and tackling climate
change, thus promoting global sustainability
and public health.

6. Working principle of reflective thin
window films

Thin window films applied directly to the sur-
face of existing windows or incorporated into new
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Fig. 3. Standard terrestrial reference spectrum and black body spectra at 25°C (It is calculated from Planck’s Law).

window installations, provide enhanced control over
solar radiation transmission and heat gain. This sec-
tion introduces thin window films as a technology
and explains their working principle and impact on
the thermal performance of office buildings [73].
These films are designed to selectively modify the
properties of the windows, improving their thermal
performance, and controlling the transmission of so-
lar radiation. By integrating thin window films into
office buildings, architects and designers can effec-
tively manage heat gain while allowing for ample
natural light, creating a comfortable and energy-
efficient indoor environment [74].

Thin window films operate based on two key prin-
ciples: solar radiation control and thermal insulation
[75]. In building energy studies, thermal radiation
flux occurs across four key bands: UV radiation
(100–400 nm), visible light (400–700 nm), solar IR
radiation (700–3000 nm), and longwave radiation
(3000–50,000 nm) as shown in Fig. 3 [76]. The stan-
dard terrestrial spectrum and black body radiation at
25°C highlight the importance of managing IR radi-
ation in buildings. Low-E films play a vital role in
reducing heat loss by reflecting indoor IR radiation,
thus contributing to energy efficiency and indoor
comfort, especially in climates with significant tem-
perature variations [77]. Fig. 3 presents a comparison
between the standard terrestrial solar reference spec-
trum and the black body radiation spectrum at 25°C
(298K), calculated using Planck’s Law [78]. This com-
parison is crucial for understanding heat transfer
mechanisms in luminous office buildings, particularly
concerning heat loss through radiation.

UV radiation, though a small part of the spectrum,
can damage materials, but the use of UV-blocking
window films and Low-E coatings helps mitigate this
while improving insulation [79]. Visible light man-
agement, using advanced glazing systems like double
glazing and smart windows, balances natural light-
ing with heat control. Solar IR radiation, a major
contributor to heat gain, is addressed using Low-E

glass, thermal films, and solar energy systems like
photovoltaic panels [80]. Longwave radiation, typi-
cally from the building’s interior or the environment,
can cause heat loss, but this is minimized by high-
performance insulation materials like spray foam,
fiberglass, or aerogels [81]. The integration of these
strategies, addressing radiation bands from 100 nm
to 50,000 nm, creates a comprehensive approach to
improving thermal and visual comfort, energy effi-
ciency, and occupant well-being, with solar energy
integration further enhancing sustainability by con-
verting excess radiation into renewable power.

IR spectrum contains 45% of the sun’s total energy
as shown in Fig. 4. IR radiation that strikes an object
produces heat as a direct result. The infrared radi-
ation’s heat-producing zone spans the wavelengths
of 700 to 1100 nm. The surface is heated because
of these radiations’ absorption. In the summer, heat
transfer through building envelopes makes up most
of the load for indoor cooling. According to studies,
using high reflectivity materials to coat outside walls
of buildings is an efficient technique to lower heat
gains from solar radiation and reduce cooling use.

1. Solar Radiation Control: Thin window films are
designed to selectively control the transmission
of solar radiation. They incorporate advanced
coatings or layers that can reflect, absorb, or
scatter solar energy. This control over solar ra-
diation helps reduce the amount of heat and UV
radiation entering the building through the win-
dows, thereby minimizing heat gain and glare.
By blocking a significant portion of solar radia-
tion, thin window films reduce the cooling load
on the HVAC system and contribute to energy
savings [82].

2. Thermal Insulation: Thin window films also of-
fer thermal insulation properties [83]. They
create an additional layer of insulation on
the windows, reducing heat transfer between
the interior and exterior of the building. This
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Fig. 4. interaction of solar spectrum components (IR, Visible, and UV) with thin window films.

insulation helps in maintaining a stable indoor
temperature by minimizing heat loss during
colder seasons and heat gain during warmer sea-
sons. As a result, occupants experience improved
thermal comfort and reduced reliance on me-
chanical heating and cooling systems.

3. IR Radiation Reflection: A reflective coating
is a thin layer of material applied to a sur-
face to enhance its ability to reflect light [84].
It is designed to minimize the absorption and
transmission of light, resulting in increased re-
flectivity and reduced glare. Reflective coatings
are commonly used in various applications, such
as mirrors, optical devices, solar panels, and re-
flective clothing.

7. Impact on solar radiation transmission
and heat gain

Thin window films have a direct impact on solar
radiation transmission and heat gain in office build-
ings. The application of thin window films modifies
the behavior of windows in the following ways [85]:

1. Solar Heat Gain Coefficient (SHGC) Control:
Thin window films can effectively control the
Solar Heat Gain Coefficient (SHGC), which mea-
sures the amount of solar heat transmitted
through a window [86]. By selecting films with
specific properties, the SHGC can be adjusted
to limit the amount of solar heat entering the
building. This helps in managing internal tem-
peratures and reducing the cooling load on the
HVAC system, leading to improved energy effi-
ciency and thermal and visual comfort.

2. Glare Reduction: Thin window films also con-
tribute to reducing glare caused by excessive
sunlight entering the building. The films can

selectively scatter or diffuse sunlight, minimiz-
ing the intensity of glare and creating a more
visually comfortable environment for occupants
[87]. Reduced glare improves visual comfort,
minimizes eye strain, and enhances productiv-
ity.

3. UV Radiation Protection: Many thin window
films are designed to block a significant por-
tion of harmful UV radiation [83]. UV radiation
can cause fading of interior furnishings, artwork,
and flooring, as well as pose risks to human
health. Thin window films with UV-blocking
properties help protect occupants and preserve
the longevity and aesthetics of interior elements.

8. Challenges of thin window films

1. Maintenance: Proper maintenance is essential to
ensure the longevity and performance of thin
window films. Films may require periodic clean-
ing using appropriate techniques and materials
to prevent the accumulation of dirt or debris
that could affect their optical properties [74].
Maintenance protocols should be established to
ensure the films remain in good condition and
continue to provide the desired benefits.

2. Installation Considerations: The installation of
thin window films requires attention to detail
and proper application techniques [88]. Im-
proper installation can lead to aesthetic issues,
such as air bubbles or creases, which may affect
the visual quality and longevity of the films.
Hiring experienced professionals for installation
is recommended to ensure a high-quality and
seamless application.

3. Potential Impact on Visual Aesthetics: While
thin window films offer customization options,
their presence can alter the visual appearance
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of windows to some extent [89]. This may be
a concern for buildings with specific architec-
tural designs or for those aiming for a particular
aesthetic appeal [90]. Careful selection of film
types, colors, and transparency levels can help
mitigate any potential impact on visual aesthet-
ics.

4. Film Durability: The durability of thin win-
dow films can vary depending on the quality
of the film and environmental conditions [91].
Exposure to harsh weather, UV radiation, or
abrasive cleaning methods can potentially af-
fect the longevity and performance of the films
[92]. It is important to choose high-quality films
that are specifically designed for long-term per-
formance and consider their expected lifespan
when incorporating them into office building
designs.

Thin window films offer several advantages, includ-
ing improved thermal insulation, glare reduction, UV
protection, versatility, and cost-effectiveness. How-
ever, challenges related to maintenance, installation,
potential impact on visual aesthetics, and film dura-
bility need to be carefully considered and addressed
to ensure the effective and sustainable.

9. Case studies: Successful applications

Real-world examples of office buildings that have
successfully integrated thin window films and solar
energy systems showcase the positive outcomes and
benefits achieved in terms of enhanced thermal and
visual comfort, energy efficiency, and occupant satis-
faction. The following case studies highlight notable
projects where these technologies have been effec-
tively implemented:

1. Colleen Boye et al. in 2010 showed that the ap-
plication of selective UV-blocking window films
to the museum surrounding windows achieved a
balance between neutral and unobtrusive color
appearance and protection the collections from
harmful UV radiation [93]. Different types of
window film were considered due to their abil-
ity for blocking most radiation below 380 nm,
and their ability to transmit desirable visible
light and color perception. 3M and L1umar lines
window films were acceptable for museum uses
according to the researchers. Who’s that intro-
duced noticeable tints like cyan or yellow were
less desirable in their study, as they enter the vi-
sual experience of the artwork. The researchers
found that all the tested forms blocked most
radiation of UV band, though effectiveness and

color naturality varied across the brands. 3M
Prestige line performance was particularly good,
blocked over 97% of UV light while maintain-
ing the steep cutoff to prevent multiple killer
shifts. The other films show more variability in
UV blocking and caused visible color alteration
making them less suitable for museum uses.

2. Amirkhani et al. in 2019 described in the docu-
ment investigates the impact of Low-E window
films on the energy consumption and CO2 emis-
sions of the Hilton Reading hotel in Berkshire,
United Kingdom [94]. This study is motivated by
the UK government’s goal to reduce greenhouse
gas emissions by 80% by 2050. The researchers
employed building energy simulation software,
EDSL TAS, to model the hotel’s energy consump-
tion with and without the application of 3M
Thinsulate Climate Control 75 window film. The
case study demonstrates that applying Low-E
window films can achieve energy savings, with
reductions of 3% in heating, 20% in cooling,
and 2.7% in total energy consumption. Addi-
tionally, the study found annual CO2 emissions
and total energy costs decreased by 4.1% and
5.1%, respectively. The film’s ability to retain
heat during the winter and reduce solar heat
gain in the summer contributed to these savings.

3. Pereira et al. in 2020, examined the window
thin films on daylight illuminance levels in the
inner spaces. The research focused on how much
these window thin films affect both the illumi-
nance and its distribution on the horizontal work
plane after being applied to the glazing system
[8]. Using a small-scale model oriented to the
south in Lisbon, the field experiments involved
4 different thin window films and 6 mm clear
glass under the condition of clear sky during
summer and winter at 9h, 12h, and 15h. Their
findings showed that the used thin films reduced
the inner illuminance, and address the visual
discomfort close by excessive daylight, and con-
tributing to energy saving through reducing the
cooling and artificial lighting demand.

4. Teixeria et al. in 2020 also focused in their
study on the thermal and visual comfort, energy
consumption and the environmental effects of
the buildings [95]. This study was conducted
in three adjacent offices located in the univer-
sity building in Lisbon, then assimilation was
called using the experimental data for com-
parison. The high reflection thin window films
showed 16% of visible light transmission, solar
heat gain coefficient of 0.15, and best thermal
and visual comfort performance during 41% and
43% of working hours. Meanwhile Visible light
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transmission of 63% and solar heat gain coef-
ficient of 0.40 provided the best energy perfor-
mance, reduced the annual energy consumption,
and CO2 emissions by 38%. This makes the se-
lective thin window film as the best choice for
energy savings and positively affect the overall
environmental benefits.

5. Sedaghat et al. in 2021 examined the perfor-
mance of thin window films when applied to
the surrounding windows of the office build-
ings in Kuwait’s hot climate [96]. In their study,
they examined Neutral 20 and Neutral 70 from
3M window films brand. Over summer of 2019,
data was collected to measure the temperature
degree, humidity, and illumination in four of-
fices. 3M Neutral 20 film reduced the energy
consumption by 132.97 kWh and CO2 emissions
by 80–89 kg in June, but the effect of Neutral
70 film is almost negligible. The indoor temper-
ature was reduced by 2–5°C and the humidity
increased by 5–10%. The findings of simulations
show that SOL 101 films could reduce the energy
consumption by 1154.28 kWh and CO2 emis-
sions by 699.54 kg over the summer.

These case studies demonstrate the successful ap-
plication of thin window films and solar energy
systems in luminous office buildings. The integration
of these technologies has resulted in notable out-
comes, including enhanced thermal comfort, energy
efficiency, reduced energy consumption, and positive
occupant satisfaction. By leveraging the advantages
of natural light and renewable energy, these buildings
exemplify sustainable and forward-thinking design
principles that prioritize both environmental stew-
ardship and occupant well-being.

10. Future directions and opportunities

Thin window films technology is still under re-
search, as is its integration in Building Integrated
Photovoltaic (BIPV) solutions for solar energy gener-
ation. The field is evolving, so these emerging trends
and technologies, though not yet mature, hold poten-
tial to grow or find niche applications, particularly
in office buildings to improve comfort and energy
efficiency. The section outlines several research areas
and future directions that could shape the further
development of these technologies:

1. Nanomaterials and Coatings: Through fund-
ing from the Building Technologies Office,
researchers are investigating the addition of
nanomaterials to thin window films for en-
hanced performance. These materials provide

advanced optical properties with better angular
dependence, improved solar control, and supe-
rior thermal insulation compared to traditional
transparent materials. Using nanotechnology
and advanced coatings can increase efficiency in
transparent thin window films, offering greater
solar radiation control and insulation.

2. Smart Window Films: Developing smart win-
dow films is a promising area of research with
significant potential. These films can adapt to
environmental conditions and adjust according
to specific needs. For instance, they can switch
between transparent, tinted, or reflective states
depending on sunlight intensity or heat. This
dynamic control allows for optimized solar ra-
diation management and thermal comfort based
on varying weather conditions and occupant
preferences.

3. Building Automation Integration: Integrating
thin window films and solar energy systems with
building automation has great potential. When
combined with intelligent controls, these sys-
tems can use real-time data (e.g., occupancy
patterns, weather forecasts, and energy demand)
to ensure optimal performance. For instance,
cameras detecting an occupant entering a build-
ing could automatically control window film
transparency, optimize solar energy use, and co-
ordinate with the HVAC system for better energy
efficiency and occupant comfort.

4. Energy Storage and Management: Adding en-
ergy storage solutions to solar technology and
window films can mitigate the challenges posed
by solar power’s intermittent nature. Advanced
batteries and thermal storage systems, for exam-
ple, can store surplus solar energy during the
day, providing a more consistent energy supply
for buildings. By leveraging solar energy gen-
eration, coupled with energy storage and man-
agement, this approach can help meet energy
demand while reducing reliance on the grid.

5. Innovative Design Approaches: Future research
may explore innovative designs that combine
thin window films, solar energy systems, and
other building elements. This could include the
use of shading devices like motorized blinds or
external louvers, working in tandem with the
films to further enhance energy performance
and thermal comfort. Design considerations may
also focus on maximizing daylight harvesting
and optimizing building orientation to benefit
from natural light and solar energy.

6. Human-Centric Design: Investigating the effects
of thin window films and solar energy integra-
tion on occupant well-being, productivity, and
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satisfaction is essential. Future developments
should prioritize creating comfortable,
aesthetically pleasing environments that
promote health and performance by considering
human-centric design principles. This may
involve studying the impact of increased natural
light, glare reduction, and customizable privacy
features on occupant comfort through feedback
and performance evaluations.

Looking ahead, integrating thin window films with
solar energy systems presents exciting possibilities.
Nanotechnology, smart window films, building au-
tomation, energy storage, advanced design tools, and
human-centric principles show promise in enhancing
thermal comfort, energy efficiency, and occupant sat-
isfaction. Further research in these areas can help
transform office buildings into greener, smarter, and
more user-friendly spaces.

11. Conclusion

This review highlights the significant role that Low-
E window films play in enhancing thermal comfort
and energy efficiency in luminous office buildings.
The integration of these films with solar energy sys-
tems proves to be an effective strategy for managing
heat transfer, reducing reliance on conventional en-
ergy sources, and promoting sustainability. The main
findings from the analysis demonstrate several key
benefits:

1. Thermal Comfort: Low-E films provide enhanced
thermal insulation by selectively blocking in-
frared radiation while allowing the transmission
of visible light. This balance improves indoor
temperature regulation, reducing the need for
active heating and cooling systems.

2. Energy Savings: The application of Low-E films
in conjunction with solar energy systems, such
as photovoltaic panels, leads to substantial en-
ergy savings. Case studies demonstrate up to
a 20% reduction in cooling energy consump-
tion and a significant decrease in overall energy
demand, contributing to a low-energy building
designation.

3. CO2 Emissions Reduction: By minimizing the
energy required for heating and cooling, Low-E
films contribute to a marked reduction in CO2
emissions. This not only supports environmental
conservation but also aligns with global sustain-
ability goals.

4. Visual and Thermal Comfort: The films effec-
tively reduce glare and UV radiation, while still
allowing for sufficient natural light. This im-

proves visual comfort for building occupants,
while also protecting interior furnishings and
reducing the risks associated with UV exposure.

5. Public Health and Well-Being: The improved
thermal comfort and reduced reliance on fos-
sil fuels contribute to better indoor air quality
and occupant health. Stable indoor temperatures
decrease the likelihood of heat-related illnesses,
while the lower environmental impact benefits
the broader public health agenda.

Overall, Low-E films, when combined with solar en-
ergy technologies, present a highly effective approach
to balancing natural light and heat management in
office environments. The results of this study provide
a pathway towards more energy-efficient and health-
ier buildings, with long-term benefits for both public
health and environmental sustainability.
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