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ABSTRACT

This study aims to optimize the architectural integration and energy performance of nano-ceramic window films in
a three-story Baghdad commercial building having an overall area of 2,000 m?2. In a 40% window-to-wall ratio (WWR)
and climate-responsive orientation, films were selected for solar exposure; north facade overhanging high-transmittance
movies, east and west vertical fins on medium-transmittance movies, and south horizontal louvers on low-transmittance
movies. Architectural strategies for daylighting, comfort, and facade appearance with low solar heat gain (SHG)
were considered. MATLAB 2022 simulations evaluated energy savings, daylight transmission, and solar rejection. The
most effective film (either film, HD-IR05100) achieved 29,750 kWh of annual energy savings. The project combines
environmental design and the latest facade articulation, proving it possible to achieve passive solar control without
compromising visual transparency. 2D technical illustrations and 3D photorealistic renderings support the aesthetic and
functional benefits, endorsing nano-ceramic films as a design-led, sustainable solution in tropical climates.

Keywords: Architectural glazing, Nano-ceramic window films, Energy efficiency, Sustainable building, Facade design

1. Introduction

Buildings are the largest power users in the world,
and they account for the largest percentage of global
energy needs [1]. With the trend, though on the
increase in the aftermath of decarbonization poli-
cies, becoming stronger, most climate action plans for
Arab countries [2], Asian countries [3], the European
Union and the United States focus on electrification
of heating systems by replacing combustion systems
with electric heat pumps [4]. These policies are most
relevant for new developments, where efficient sys-
tems can be fitted from scratch and where increasing
legislative pressure bars the use of natural gas supply
pipes [5].

In this evolving energy environment, architectural
design is no longer merely a question of performance
and aesthetics but also of energy performance and
environmental impact [6]. Architectural glass and
glazing systems are particularly significant since they
help shape the building’s energy profile and occupant
comfort by selectively controlling the transmittance
of solar radiation [7]. Sophisticated recent advance-
ments, such as those explored by Abundiz-Cisneros
et al. (2020), demonstrated that aluminum-based
optical filters can exhibit good visible light transmit-
tance (VLT) (>80%) with low near-infrared (NIR)
transmittance (<20% at wavelengths >1500 nm)
with a good cost-benefit ratio [8]. All these ad-
vancements emphasize the importance of spectrally
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selective glazing for enhancing both thermal per-
formance and daylighting efficiency through high-
precision layer tolerances designed perfectly. In a
fascinating twist, solar-abundant grids offer cleaner
power during the day [9], when, paradoxically, there
is more solar heat gain (SHG) in buildings [10]. Al-
though Lyu et al. (2024) discussed this issue, broader
incorporation into architectural paradigms of design
is currently limited [11].

In this regard, the application of nano-ceramic
window films is an appealing architectural and engi-
neering solution [12]. Architecturally, the integration
of nano-ceramic films is advantageous to passive de-
sign principles, reducing the reliance on mechanical
systems and optimizing visual comfort [13]. These
films, composed of ceramic particles that emit far-IR
(FIR) radiation (6-14 um), exhibit superior thermal
insulation, mechanical strength, and even biomedical
benefits [14]. The ability of ceramic powders to in-
teract with water molecules and stimulate biological
activity makes them not only energy-efficient, but
also health-conscious design element [15].

The physical principles of window film perfor-
mance are rooted in the regulation of the four major
radiation bands: ultraviolet (UV: 100-400 nm), vis-
ible light (VIS: 400-700 nm), solar infrared (IR:
700-3000 nm) [16]. UV-rejection (UVR) technologies
prevent material degradation and ensure user health
[17]. On the other hand, VLT control is required
to maintain daylight quality without contributing to
unwanted heat gain [18]. Solar IR control is particu-
larly crucial in climates like Baghdad’s [19], w here
direct sun exposure causes astronomical cooling loads
[20]. Thermal control films, low-emissivity coatings,
and smart shading systems collectively address these
concerns [21].

In this study, we introduce a context-dependent ar-
chitectural and energy simulation workflow to assess
the yearly energy savings, daylighting functional-
ity, and facade-level optimization of nano-ceramic
window films. Through the integration of archi-
tectural orientation, climatic conditions, and time-
sensitive energy performance, we aim to formulate a
performance-driven strategy for glazing selection that
balances environmental performance with architec-
tural quality.

2. Methodology

This study proposes a unified approach that com-
bines energy simulation, architectural design mea-
sures, and multi-criteria decision analysis (MCDA)
for evaluating and optimizing the performance of

nano-ceramic window films in building applications.
To assess the impact of nano-ceramic window films
on building energy performance, a dynamic an-
nual simulation was conducted using MATLAB 2022,
employing a custom-developed simulation model
based on the heat balance method. This model was
implemented through MATLAB’s built-in scripting en-
vironment and numerical computation capabilities,
enabling the simulation of hourly thermal loads and
solar heat gains. The simulation setup was designed to
simulate a generic medium-sized commercial build-
ing in Baghdad, Iraq (Latitude: 33.3°N, Longitude:
44.4°E), that is representative of hot-dry climate con-
ditions as designated by ASHRAE Climate Zone 1B.

The optical properties of the nano-ceramic films
VLT, IRR, and UVR were obtained from manufacturer
datasheets, Brand name “Sun Vision”, Guangdong,
China. These values are based on measurements con-
ducted in accordance with ISO 9050:2003, which
defines solar and luminous transmittance using spec-
tral weighting under standard solar radiation at
normal incidence [22]. This ensures that the reported
values are suitable for thermal and daylighting sim-
ulations and can be compared consistently across
commercial products.

2.1. Climate and solar analysis

Baghdad’s hot-arid weather necessitates counterac-
tions to decrease solar heat gain. The average daily
global horizontal irradiance (GHI) is approximately
5.5 kWh/m?/day. Under a clear and sunny day,
85-90% of the sun radiation is mainly direct irradi-
ance, Ip [23]. When it incident upon the PV surface,
it decreases as the angle of incidence, 6; increases by
means of the relationship between the direct normal
irradiance, Ipy of the surface as shown in the equation
below:

Ip =Ipcos6; @8]

Solar altitude («) and azimuth (y) angles were cal-
culated using [24]:

a=sin"!(cosg x cosd x cosw + sing x sind)  (2)

sina x sing — sin§

©))

V= cosa X sing

Using local latitude, ¢, solar declination angle, §
and local hour angle, w. All the above calculations are
utilized in calculating the design of shading devices
as well as window film selection.
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Fig. 1. a. 2D and b. 3D facade rendering showing the orientation and fagade-specific application of nano-ceramic films and architectural

shading devices.
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Fig. 2. Schematic cross-section showing the nano-ceramic film layer applied to the double-glazed window system.

2.2. Building geometry and architectural strategy

The modeled building stands at a height of three
stories with floor area approximately 667 m? per
floor with a gross floor area of 2,000 m2. Floor-to-
floor height is 3.5 meters as shown by Fig. 1.a. The
window-to-wall ratio (WWR) is uniform at 40% in
all the facades. The building is oriented in such a
way that the north facade is predominantly oriented
to the north, with unrestricted sun exposure on the
south, east, and west facades. Shading and film strate-
gies were designed for each orientation north facade,
east & west facades, and south facade with fixed

horizontal louvers as shown Fig. 1.b. Then a typical
double-glazed unit was simulated consisting of two
6 mm glass sheets with a 12 mm air space between
them. Nano-ceramic films were applied to the inner
surface of the exterior pane as shown in Fig. 2. The op-
tical characteristics of the films, including VLT, IRR,
and UVR, were acquired from the manufacturer data.

All nano-ceramic film types were simulated uni-
formly across orientations, and while the study
analyzed energy performance per facade direction,
the films themselves were not varied by orientation.
The interaction between the horizontal shading de-
vices and the applied films was not parametrically
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Table 1. The energy simulation parameters of the work.

Category Parameter Value

Climate Zone ASHRAE 1B Baghdad, Iraq

Floors 3 Total floor area: 2,000 m?

WWR 40% Uniform across fagades

Glazing System Double-pane, clear glass SHGC = 0.60 (baseline)

HVAC Type VAV + Reheat COP = 3.0, Setpoints: 24°C cooling/20°C heating

Internal Loads
Simulation Controls 10-min timestep, 6 warmup days
Shading Devices Fins (East/West), Overhangs (South)

0.1 pers/m?, 10 W/m? lighting, 15 W/m? equipment Infiltration = 0.5 ACH

Annual run (Jan-Dec)
Reflectivity = 0.5

modeled, and this is acknowledged as a limitation of
the current study.

2.3. Energy simulation

The energy performance simulation parameters are
presented in Table 1. The simulations accounted
for building geometry and orientation, local climate
data, internal heat gains, HVAC system design, and
glazing properties with and without window films.

The base yearly cooling energy use (Epase) with-
out window films was calculated as a reference. The
energy savings (Esaved) by all types of films were cal-
culated [25]:

SHGCpgs, — SHGC fﬂm)

Energysqyeqd = Energypgse % ( SHGCpyse

(4)

where SHGC is the SHG Coefficient.
The avoided CO, emissions were calculated us-
ing the following equation, considering Baghdad’s

LRMCE = 0.5 kg COy/kWh, an environmental
measure.
CO25ayeq = Energypgse x LRMCE (5)

2.4. Multi-criteria decision analysis (MCDA)

For ranking and selection of the window film op-
tions, the Weighted Sum Model (WSM) was employed
with multiple criteria Egyeq, cost savings (Csayed),
VLT, and glare reduction (GR). Each criterion was
normalized:

x;j — min (x;)

©)

% = max (xj) — min (x;)

The total score (Si) for each film was calculated by
the equation:

n
Si=) wiNy, 7)
j=1

Where wj is the weight for criterion j, and Nyj
is the normalized value of criterion j for film i.
Weights were assigned based on stakeholder priori-
ties. Weights were assigned using input from three
domain experts: an architect, an energy modeler, and
a facilities manager at the Renewable Energy and
Environment Department — Research Office, Training
and Research Office — Ministry of Electricity, Iraq.

A one-way sensitivity analysis was performed by
varying each criterion weight by +10% while hold-
ing the others constant, to test the stability of
the ranking outcomes. Results indicated that the
top-performing alternative (HD-IR05100) remained
unchanged under all tested weight variations, con-
firming the robustness of the decision.

2.5. Correlation analysis

To elucidate the correlation between VLT and en-
ergy savings, Pearson’s correlation coefficient (r) was
calculated [26]:

r =

Z (VLTl - VLT) (E nergysaved; — E nergy. saved)

\/Z (VLT; — VLT)2 . Z (Energysavedi - Energysaved)2
(8)

A negative high correlation suggests that with
increasing VLT, energy savings are reduced, em-
phasizing the compromise between daylighting and
thermal performance.

3. Results and discussions
3.1 Annual energy and cost savings

The building’s orientation plays a pivotal role in
determining each of the facades’ solar exposure,
necessitating a specific film installation and
shading strategy. As shown in Fig. 3, among all
the alternatives evaluated, HD-IR05100 presents
optimum performance and saves approximately
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29,750 kWh/year. This is due to it possessing low
VLT (5%) and high IRR (85%), strongly blocking
SHG on sun-orientated facades such as the south
orientation. HD-IR0590 and HD-IR20100 also make
up for high performance with savings of almost
28,000 kWh/year, suggesting appropriateness for
facades with moderate solar loads such as the west
and east. HD-IR75100 gives the lowest energy
savings, nearly 21,000 kWh/year. Though this film
facilitates high daylight penetration in virtue of its
high visible transmittance (75%), it is inefficient in
reducing cooling loads and is thus more suitable than
other films for north-facing facades where exposure
to the sun is small. The overall trend supports a strong
negative correlation between visible transmittance
and energy savings, corroborating the trade-off
between daylight availability and thermal perfor-
mance. Such results emphasize the importance of
facade-specific film use, where higher solar rejection
films are applied to highly sun-exposed facades
and daylighting-friendly films are applied where
thermal loads are minimal. Such is in accordance
with climate-responsive design, which provides for
considerable energy savings through operational
reductions without visual comfort compromise.

< 108

The bar chart shows the relative picture of the
annual cost saving of the application of different
nano-ceramic window films in a hot-arid climatic
condition. The film type is shown on the x-axis (i.e.,
HD-IR0590, HD-IR20100), and the y-axis quantifies
the amount of total cost saved per year in USD, cal-
culated from the savings in cooling energy use.

As shown in Fig. 4, the highest Cg,yeq are achieved
by HD-IR05100 at approximately $3,570/year. This
high performance is consistent with its very low VLT
(5%) and high IRR (85%), which in combination
significantly minimize SHG and thus cooling
demand, effective for south- and west-oriented
facades receiving much solar exposure throughout
the year. Close seconds are HD-IR0590 ($3,400/year)
and HD-IR20100 ($3,350/year), both also featuring
high IR rejection (>80%) with relatively minor
variation in transmittance. Conversely, HD-IR75100
ranks lowest in economic gain with a savings of
about $2,550/year. This film has the highest VLT
(75%) and prioritizes daylighting over solar control.
While this kind of setup is perfect for north-facing
facades where solar exposure is minimal, its use in
high-gain facades translates to compromised thermal
performance and therefore lower financial gain.

257T
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Fig. 3. Annual energy savings (kWh/year) resulting from the application of various nano-ceramic window films to a three-story commercial

building in a hot-arid climate.
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Fig. 4. Annual cost savings (USD/year) associated with various nano-ceramic window film types applied to a three-story commercial building

in a hot-arid climate.

Mid-range products like HD-IR1590 ($3,200/year),
HD-IR3590 ($2,950/year), and  HD-IR5090
($2,800/year) balance thermal protection and
daylight transmittance and are therefore suitable
for facades with moderate exposure such as the
east and west orientations. Such films still yield
significant operational savings and are therefore still
viable choices in buildings where visual comfort
or natural lighting is accorded high importance
alongside energy performance.

A flat electricity rate of $0.12/kWh was used as a
standardized reference value for estimating annual
cost savings. This rate is not intended to repre-
sent Baghdad’s subsidized or sector-specific tariffs,
which may vary depending on building type and util-
ity category. Under average commercial electricity,
the savings illustrated here can translate to pay-
back times of less than 2-3 years, especially for
buildings with high cooling demand throughout the
year. This renders nano-ceramic films an economi-
cally attractive retrofit or new-construction option for
climate-adaptive architectural envelopes.

These economic results also guide facade-by-facade
glazing approaches in early architectural design.
High-return films like HD-IR05100 can be paired with
shading devices for south and west facades, while

HD-IR75100 and HD-IR65100 offer suitable daylight
performance for north-facing zones like corridors,
lobbies, or open-plan office areas. With the incorpo-
ration of economic and thermal performance data,
architects and engineers can adopt an evidence-based
approach to visual and thermal comfort optimization.

3.2. Integration with building aesthetics and
functionality: Fagade-specific SHG

The selection of the nano-ceramic films was not
only with consideration to their thermal proper-
ties but also to their visual aspects to maintain the
aesthetic integrity of the building relative to other
materials [27]. The films are almost transparent,
maintaining the exterior appearance of the building
while providing enhanced interior comfort. More-
over, the ability of the film to block up to 99%
of ultraviolet light protects interior furniture from
fading, contributing to the building’s interior design
elements life expectancy.

Fig. 5 illustrates the average SHG (kWh/m?/day)
every month for the four predominant building
facades. The South facade gets the highest
solar gain from June to August, approximately
1.4 kWh/m?/day, and therefore this is the optimal
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Fig. 5. Monthly average SHG (kWh/m?2/day) on each facade orientation of the simulated three-story building in Baghdad.

region to be targeted for thermal reduction. East
and West fronts also show moderate gains from the
sun, especially in morning and afternoon sun hours,
reaching a peak in spring and autumn months due
to low sun angles. Meanwhile, the North front is the
least fluctuating and lowest exposed and rarely goes
beyond 0.9 kWh/m?/day. The monthly SHG analysis
by various facades highlighted the south facade as
solar-exposed to the maximum extent, and thus it
was suitable for the use of low-transmittance film and
horizontal shades [28]. East and west facades were
augmented by vertical fins to fight low-angle sun, and
the north facade, with low solar gain, was best suited
for the use of high-VLT films to realize maximum day-
lighting. Such solar profiles have a direct application
in architectural design decisions. High-performance
solar control equipment, such as low-VLT, high-IRR
films and exterior shading devices, are most justified
on the South, East, and West facades. On the North
facade, the comparatively low solar gain justifies the
use of high-VLT films to maintain daylight penetra-
tion while inhibiting unnecessary thermal restriction.

All films demonstrated fine UVR (>99%), providing
protection against UV caused interior degradation as
confirmed in Fig. 6. IRR, which is a key performance
factor for heat, is above 90% for most films (e.g.,
HD-IR05100, HD-IR20100) and remains well within
the expectations for thermal mitigation of high-gain

facades. Interestingly, films such as HD-IR05100
and HD-IR0590 with IRR and NIR at 780-2500
nm of ~85-90% and ultra-low VLT of 5% are
particularly appropriate for the South facade as
they block the largest possible amount of solar heat
while reducing glare, resulting in improved thermal
comfort and energy savings. Conversely, high VLTs
of 75% and 65% films HD-IR75100 and HD-IR65100
respectively are best suited to the North facade,
where the maximum daylighting occurs, and thermal
gain is minimum. The films also provide satisfactory
IRR (~93%) and full UVR, while maintaining indoor
comfort without any compromise on visual quality
than in other studies [29].

While the optical performance values (e.g., UVR >
99%, IRR > 85%) are based on manufacturer- pro-
vided data, these represent optimal, as-manufactured
conditions. Studies have shown that industrial
products, including nano-ceramic coatings, can
experience gradual degradation in optical properties
over time due to UV exposure, thermal stress [30],
and moisture [31]. For instance, long-term testing in
hot-humid climates has shown IRR reduction of 5-
10% over 5-7 years. Thus, the energy and daylighting
performance reported here should be interpreted as
representative of initial film performance, with
possible variation under extended real-world

aging.
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Fig. 6. Optical performance characteristics of nine nano-ceramic window films, showing percentages of VLT, IRR, and UVR. Note: Optical
values are based on normal incidence; actual performance may vary with angle of solar radiation.

Table 2. Optical and thermal performance parameters of certain nano-ceramic
window films, e.g., VLT, SR, and approximated annual energy savings.

Energy Saved  Percent kWh Saved
Film Code VLT (%) SR (%) (kWh/year) Savings (%) per % VLT
HD-IR0590 5 80 28 000 80 5 600
HD-IR1590 15 75 26 250 75 1750
HD-IR3590 35 70 24 500 70 700
HD-IR5090 50 65 22750 65 455
HD-IR05100 5 85 29 750 85 5950
HD-IR20100 20 80 28 000 80 1 400
HD-IR35100 35 75 26 250 75 750
HD-IR65100 65 65 22 750 65 350
HD-IR75100 75 60 21 000 60 280

3.3. Correlation between VLT and energy savings

An important inverse relationship (r = -0.95) is
found between VLT and yearly energy savings. In
Table 2, those films with smaller VLT percentages,
like HD-IRO5100 (5% VLT), show greater energy
savings, amounting to 29,750 kWh/year. On the
other hand, films such as HD-IR75100, with VLT 75%,
produce smaller energy savings of 21,000 kWh/year.
Such a trend highlights the balancing act between
admitting natural light into a building and reducing
SHG, which is important in cutting cooling loads.

HD-IR05100 is the most efficient film. It saves
5,950 kWh of energy for every 1% of light it allows
through. This means it provides a high level of energy
savings even though it doesn’t let in much light. On
the other hand, HD-IR75100 saves only 280 kWh
per 1% VLT. That means even though it lets in more
light, it doesn’t save as much energy per unit of light.

The energy savings observed are consistent with
results from previous studies. For example, Huang
published in 2024 a study where reflective films
achieved up to 10.3% electricity-saving ratios varying
with building orientation [32]. Similarly, research
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Fig. 7. The relationship between VLT (%) and annual Eg,eq (kWh/year) for different nano-ceramic window films.

work achieved by Bae et al. in 2024 introduced
a directional radiative cooling glass that achieved
over 1.5°C temperature reduction compared to reg-
ular glass, showcasing the potential of energy saving
through enhanced window technology [33].

The architectural strategy was also extended to in-
door space, where high VLT of certain films permitted
penetration by daylight, reducing the requirement for
artificial lighting. Not only does it cause energy sav-
ing but also contributes to the well-being of occupants
by providing a perception of contact with the exte-
rior environment [34]. The intelligent combination
of film characteristics and shading devices maintains
areas well-lit with no unpleasant glare, in line with
sustainable building design best practice.

As shown in Fig. 7, high-VLT films like HD-IR75100
provided higher daylighting but resulted in lower
Egavings due to their limited IRR. Conversely, low-VLT
films like HD-IR05100 achieved significantly greater
energy savings, primarily because of their higher
IRR values, which effectively reduced SHG and cool-
ing loads, despite admitting less natural light. This
compromise means sacrificing thermal performance
against occupant comfort. While energy savings are
better in low VLT films, they sacrifice indoor day-
lighting, which might affect occupant comfort in

addition to requiring more artificial lighting. There-
fore, selecting a window film is a trade-off between
visual comfort and energy efficiency [35]. The mid-
range VLT films such as HD-IR35100 (35% VLT)
provide a compromise, which at high energy savings
(26,250 kWh/year) will supply acceptable amounts
of natural light [36].

4. Energy savings vs. CO, emissions

To quantify the environmental benefit of the en-
ergy savings achieved by the nano-ceramic films, the
avoided CO; emissions were calculated by Eq. (5) us-
ing an emission factor of 0.65 kg CO,/kWh, represen-
tative of Iraq’s fossil fuel dominated grid. As shown
in Table 3, the film HD-IR05100, with the lowest
visible light transmittance (VLT = 5%), achieved the

Table 3. Annual energy savings and avoided CO, emis-
sions per film type.

Energy Saved  COy Avoided
Film Type VLT (%) (kWh/year) (kg/year)
HD-IR05100 5 29,750 19,338
HD-IR35100 35 25,000 16,250
HD-IR75100 75 21,000 13,650
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highest annual energy savings (29,750 kWh/year),
corresponding to 19,338 kg CO, avoided per year.
The HD-IR35100 and HD-IR75100 films resulted
in 16,250 kg/year and 13,650 kg/year of CO; re-
duction, respectively. This analysis reveals a strong
linear relationship between energy efficiency and en-
vironmental impact. Films with higher IR rejection
(typically lower VLT) provide not only thermal and
economic benefits but also meaningful reductions in
greenhouse gas emissions, thus contributing to cli-
mate mitigation in hot-arid regions.

Although these films are lightweight and can be
retrofitted onto existing glazing systems thus reduc-
ing material waste and embodied carbon compared
to full window replacement their production may
involve energy-intensive deposition techniques (e.g.,
sputtering), and their disposal poses recycling chal-
lenges due to mixed ceramic-polymer composition.
Despite these limitations, the calculated avoided CO,
emissions of up to 20.8 metric tons/year demon-
strate a significant reduction in operational carbon
footprint. This aligns with the goals of Sustainable
Development Goal 7 (SDG 7) (Affordable and Clean
Energy) and SDG 13 (Climate Action) by improving
energy efficiency and reducing greenhouse gas emis-
sions in buildings.

5. Limitations of the study

This case study is based on a single building type
and climate zone (Baghdad, hot-arid), which may
limit the generalizability of the results to other re-
gions or building typologies. The optical properties
used in simulations are based on manufacturer data
under standard test conditions and do not account for
long-term degradation or angle-dependent variation.
Additionally, the analysis does not include embodied
carbon or life cycle impacts of the films. Finally,
HVAC operation and internal load assumptions were
based on typical values due to limited access to site-
specific energy data.

6. Conclusion

This study demonstrates that the application of
nano-ceramic window films, when combined with
climate-responsive architectural solutions, has the
potential to significantly reduce building energy con-
sumption without compromising daylight quality and
occupant comfort. The research, carried out in a
three-story commercial building model of 2,000 m?
gross floor area and window-to-wall ratio of 40%,
presents substantial annual energy savings ranging

from 21,000 to 29,750 kWh/year, depending on the
film. HD-IR05100 and HD-IR20100 films exhibited
enhanced performance, rejecting up to 85% of solar
radiation and providing maximum cost and energy
savings for facades thermally exposed.

Architecturally, varied use of film per facade, high-
transmittance on the north side, medium on east
and west sides, and low-transmittance on the south
side, was effective for optimizing energy performance
without losing daylight availability. Shading devices
like horizontal louvers and vertical fins further en-
hanced solar control, especially on east, west, and
south orientations.

Correlation analysis revealed significant negative
correlation (r = -0.95) between VLT measured and
energy saved, supporting that higher VLT has the
tendency to reduce thermal performance but increase
daylight, highlighting the compromise inherent in
glazing selection. Integration of an MCDA strategy al-
lowed for appropriate selection on the basis of energy
savings, daylight, cost, and durability.

Economically, the daily cost savings ranged from
$1.50 to $2.80/day, which could amount to as much
as over $1,000 savings in annual utility bills, mak-
ing such movies cost-effective within a couple of
years of construction. Environmentally, the cooling
load savings indicates a substantial decrease in long-
run marginal carbon emissions, which is supportive
of green building certification and net-zero design
efforts. Nano-ceramic films are not just reflective
coatings but sophisticated building materials offering
a high-performance, non-intrusive thermal control
solution.

Future work should incorporate a formal Life Cy-
cle Assessment (LCA) based on ISO 14040 standards
to ensure that the environmental benefits of nano-
ceramic films are sustained across all stages of their
application.
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