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Abstract

In recent years, window films have emerged as a popular solution for managing solar heat gains across
diverse climatic conditions, ranging from extreme to moderate weather. While these films effectively
reduce unwanted heat gains, they often compromise daylight availability and modify the colour of
natural light. This study quantifies the spectral irradiance of window films, serving as a basis for
energy, daylight, and colour assessment. We looked at high and low transmittance levels for
correspondingly moderate and extreme weather conditions.

A comprehensive analysis was conducted on 14 different window films, with visual transmittance
from approximately 6% to 86%. The spectral power distribution (SPD) of each film was meticulously
measured using a spectrometer. The collected data provide a holistic visual and non-visual evaluation
of the films' performance.

The results reveal significant insights into the trade-offs between visual transmittance and correlated
colour temperature (CCT). High transmittance films allow more natural light penetration but can lead
to unwanted heat gains. Low transmittance films effectively block solar heat but often at the cost of
reduced daylight and altered colour rendering. The study discusses the advantages and disadvantages
of the evaluated films.

Finally, this research highlights the need for a balanced approach when choosing window films,
considering daylight quality. The findings serve as a valuable resource for architects, building
engineers, and environmental designers seeking to optimise building performance with visual and non-
visual aspects of daylight through informed decisions on spectral evaluation of windows films.
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Introduction

Building facade elements have gained significant attention due to their essential role in ensuring a
comfortable indoor environment and reducing energy consumption in buildings. Among these,
fenestration elements—such as windows—are considered the weakest thermal components of the
building envelope due to their low thermal resistance and high transmittance of solar gains.
Traditionally, transparent facade elements are evaluated using metrics such as thermal transmittance
(U-value) and solar heat gain coefficient (SHGC) related to building energy efficiency. However,
daylight plays a vital role in human health and well-being beyond energy considerations. Since the
discovery of intrinsically photosensitive retinal ganglion cells (ipRGCs) and their impact on circadian
rhythms (Berson et al., 2002; Brainard et al., 2001), the effects of light on human physiology and
psychology have attracted growing interest (Englezou & Michael, 2023; Fernandes et al., 2017). The
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physiological impact of daylight on humans depends on light exposure's intensity, colour, duration,
and timing. Static or constant spectral power distributions can disrupt the circadian rhythm, leading to
issues such as "Circadian-Time Sickness" and "Social Jetlag" (Fernandes et al., 2017).

With modern advancements, a wide variety of glazing systems are available, providing opportunities
to enhance energy efficiency in new construction projects. However, when retrofitting existing
buildings, the application of window films offers a cost-effective solution. Window films have become
popular for improving energy efficiency and thermal comfort across diverse climatic conditions,
ranging from extreme to moderate weather (Ghaeili et al., 2023; Hui & Kwok, 2006). These films
reduce solar radiation, ultraviolet (UV), and infrared (IR) transmission, lowering unwanted solar heat
gain. However, while they reduce solar heat gains, they can also affect daylight transmission,
impacting occupants' visual comfort and overall well-being. It is worth noting that excessive filtering
of specific wavelengths by window films can impact the perceived quality of light, affecting mood,
productivity, and circadian rhythms. Besides, maintaining adequate daylight levels has been linked to
better health outcomes, such as improved sleep quality, enhanced mental well-being, and higher
productivity, particularly in workplaces.

Several studies have examined the performance of window films in terms of energy savings (Hui &
Kwok, 2006; Li et al., 2015). Hui's work focused on the thermal, solar, and visual performance of
window films, finding that films effectively limit the transfer of infrared solar heat. Li's research
compared glass surface temperatures with and without films, noting that films performed better on
clear glass than tinted or laminated glass, with significant energy-saving potential in commercial and
office buildings.

Moreover, some researchers have focused on understanding the effects of light colour on comfort,
among others. Chinazzo et al. (2021) studied the effects of coloured glazing (blue, orange and neutral).
Results indicated that users mostly preferred neutral glazing over the two saturated ones. In
comparison, orange glazing was associated with relaxing and warmest daylight. The main metric for
assessing the colour of light is the correlated colour temperature (CCT). However, reducing the
complex spectral power distribution and chromaticity coordinates to a single CCT value can result in
the loss of critical information. To address this issue, the Duv (distance from the Planckian locus in the
uniform chromaticity scale) metric has been suggested as a means to measure the light divergence
from the Planckian locus, overcoming some of the limitations associated with using CCT alone
(Durmus, 2022).

Recent studies have also shifted towards understanding how window films impact circadian lighting.
Using simulation tools, Ghaeili et al. (2023) assessed various glazing systems for their circadian light
performance. They found that well-designed window systems could provide adequate circadian
lighting by transmitting the right quantities and wavelengths of solar and sky radiation. However,
challenges remain in balancing both photopic light provision and circadian light requirements.
Similarly, Englezou and Michael (2023) explored the impact of natural lighting spectrum variability,
assessing light intensity, spectrum, and its variation across seasons and times of the day. Their study
confirmed that seasonal and hourly variations significantly affect melanopic equivalent daylight
illuminance (melanopic-EDI) levels, with winter conditions providing the highest melanopic-EDI
values due to lower sun angles and direct sunlight exposure. Moreover, Khaled and Berardi (2023)
experimentally characterised five commercial photochromic window films, revealing their ability to
enhance energy savings and improve indoor daylight conditions. Retrofitting office buildings with
these films not only improved visual comfort but also contributed to enhanced energy efficiency.

This paper aims to comprehensively evaluate the performance of window films regarding daylight
quality and quantity using visual and non-visual metrics. Visual metrics include visual transmittance
(Tvis) to address the amount of natural daylight entering a space and the CCT and Duv. On the non-
visual side, melanopic-EDI is used to assess light's impact on circadian rhythms. This study quantifies
the spectral irradiance of 19 commercially available window films, serving as a basis for daylight,
colour and melanopic-EDI assessment. The motivation for this study stems from the need for a holistic
evaluation of window film performance, incorporating visual and non-visual responses.

Methodology

This section outlines the approach taken to evaluate the spectral performance of various window films.
This study involved selecting a representative sample of films, conducting precise spectral
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measurements under clear sky conditions, and a systematic data analysis. The aim is to provide a
detailed and accurate assessment of the film's performance in relation to key metrics.

Sample selection

In this paper, we are investigating neutral window film with both low and high visual transmission
(Tvis). Thus, the sample selection used a convenience sampling method to choose the window film
samples. The initial sampling screening included 57 films from various manufacturers that promoted
neutral colour films. After direct communication with the manufacturers or distributors, we obtained
and included in the analysis 19 film samples. Table 1 summarises the visual light transmission (Tvis)
and the reduction in these films' solar glare (glare reduction), as reported by the manufacturers.

Table 42: Summary of windows film properties as reported by the manufacturers, light transmission
and glare reduction

Id Code Description Tvis (%) Glare Reduction (%)
1 05xrs 05 xrs extreme dark 6 89
2 svl0  Scenic View - SV 10 8 91
3 15xrs 15 xsrdark 14 78
4 80xc Natural 80 XC 20 81
5 pg20  Prestige 20 21 77
6 275xc Titane 275 XC 22 80
7 pd45 Palisade - PD 45 44 47
8 pgd0  Prestige 40 42 53
9 pd40 Palisade - PD 40 38 56
10 sv50  Scenic View - SV 50 50 44
11 dn60  Daylight natural - DN 60 63 30
12 sun70 Sunlight - SUN70 67 25
13 80sr  Heatuv 80sr 70 21
14 30c Spectra 30 C 70 30
15 333xc Clarity 333 XC 73 29
16 80ex  Heatuv 80ex 78 26
17 22xc  Spectra 22 XC 78 18
18 15¢ Spectra 15 C 86 13
19 pg70  Prestige 70 71 20

Spectral measurement

Spectral measurements were conducted using two Jeti spectroradiometers (Specbos 1201M) with a
wavelength range of 380 to 780 nm, capturing data at 1 nm intervals. Two measurement setups were
performed, and in each setup, the devices were used simultaneously to measure spectral irradiance.
The first measurement setup — used for the cross-calibration process — involved placing the two
spectroradiometers side by side to capture the spectral power distribution (SPD) of a clear sky for their
cross-calibration. In measurement setup 2, the two spectroradiometers were vertically aligned, as
shown in Figure 1 (a), with one having a film and the other without, to conduct repeated measurements
of all the selected films. The distance between the two spectroradiometers was kept to a minimum of
(mention distance here), ensuring both devices captured the spectral irradiance of a similar scene under
stable, clear sky conditions, without the sun or clouds in the scene (Figure 1(b)). A total of 19 pairs of
spectral irradiance data were collected in this setup.

All the measurements were conducted from a north-east oriented window on a single summer day
(August 8", 2024) between 19:15 and 19:40, within a 25-minute window. During this time window,
the change in solar altitude angle was four degrees. The spectral power distribution of spectral
irradiance [W/(sqm*nm)]| was measured at a 1nm resolution. Additionally, the following parameters
were also recorded: Ev [1x] (CIE1931 2°), CCT [K] (CIE1931 2°), and X, y coordinates.
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(a) (b)

Figure 80: Spectral measurement setting, a) spectrometer position and b) overall setup.

Data analysis

Data cleaning utilised R version 4.3.3 (RStudio team, 2020) for data cleaning, processing and
subsequent analysis. This process involved a series of steps, including cross-calibration, normalisation
and calculation of variables.

In order to remove the instrumental influence of the measurement and ensure the spectral data is
comparable, cross-calibration between the two spectroradiometers was performed to obtain a
correction factor. The correction factor was calculated using Equation 1, and the simultaneous spectral
irradiance measurements were conducted during the first measurement setup. Measurements from
Jetil served as the reference values (x.), while measurements from Jeti2 (xm..) Were corrected using
the calculated correction factor (c¢f) described in Equation 1. The correction factor was applied to SPD,
Ev, CCT and x,y coordinates, the corrected values are referred to as xca=

Cf: -xre/'/xmea (3)

Lastly, all spectral irradiance data was normalised at 560nm (Equation 2) to allow for a relative
comparison of the spectral irradiance data measured. SPD norm (1) is the spectral irradiance at
wavelength A, and SPD (560) is the spectral irradiance at wavelength 560nm.

SPD worm (3) = SPD(3)/SPD(560) )

Performance evaluation

The study evaluated the daylight performance of the films using both visual and non-visual metrics, as
described below, along with error metrics to quantify the difference between spectral daylight
measured without the film (referred to as 'sky') and spectral daylight measured through the films
(referred to as 'film'). Visual metrics include correlated colour temperature (CCT), visual transmittance
(Tvis), Duv, and photopic illuminance, while non-visual metrics focus on melanopic-EDI to assess the
circadian impact.

Error metrics, such as Mean Absolute Error (MAE) and Mean Relative Squared Error (MRSE), were
applied to measure the spectral differences between the normalised spectral values of the 'sky' and
those of the 'film', providing a clear indication of the quality and quantity of daylight transmitted
through the films. As the measurements were not taken under controlled conditions, the analysis
focused on the relative differences between the film and sky spectral data.
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= Relative CCT Deviation: The calculation of the relative CCT deviation involved the
difference between the corrected CCT* with films and the CCT of the sky, as described in
Equation 3.

cct rel = (CClpiim— CClsky) / CClsgy 3)

= Visual Transmittance: The visual transmittance was computed as the ratio of the illuminance
measured with films (illum_film) to the illuminance measured without films (illum_sky).

= Duv and Relative Duv: The calculation of Duv followed the method described by (Ohno et
al.,, 1991), with relative Duv defined as the absolute difference between Duv_sky and
Duv_films*. American National Standards Institute (ANSI, 2016) and EnergyStart
Certification (ENERGY STAR®, 2011) recommend Duv values between +£0.006 and Duv
between £0.003 when more demanding colour quality of light is preferred (Durmus, 2022).

=  Melanopic-EDI: The melanopic-EDI is calculated per the International Commission on
[llumination (CIE) Standard S 026/2018 (Balakrishnan et al., 2023; CIE, 2018).

= Photopic illuminance: The photopic illuminance is calculated as per the CIE018:2019.

= M/P: The ratio between the melanopic-EDI and Photopic illuminance.

= MAE and RMSE: The mean absolute error (MAE) and root mean square error (RMSE) were
calculated from the normalised spectral data.

Results and discussion:

The daylight spectral irradiance measured through the 19 window films (SPD Film), compared to their
respective daylight spectral irradiance measured without the films (SPD Sky), is shown in Figure 2. To
enhance the visual clarity of the remaining curves, those with excessively high errors—specifically
IDs 1 and 3—were omitted, as their high error values flattened the other curves.

Assessing the quality of daylight filtered through each film requires evaluating the similarity between
the SPD curves of the films and the SPD of the sky. The SPD of films 6, 11, and 14 closely matches
the SPD of the sky, whereas films 2 and 5 diverge significantly. A close match to the sky SPD curve
indicates good transmission of various daylight wavelengths, whereas diverging curves suggest poor
spectral transmission.
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Figure 81: Normalised Spectral power distribution of the sky (SPD sky) and films (SPD with film),
and the mean absolute (mae) and root mean square (rmse) errors.

To quantify how closely an SPD film curve follows the corresponding SPD sky curve, the MAE and
RMSE were calculated. The combined MAE and RMSE errors are plotted in Figure 82. To categorise
the errors relatively, we grouped the results into three categories: low, medium, and high.

Low errors (error < 0.2) are observed for films ID 6, 10, 11, and 14. Most of the assessed films fall
into the "medium" error category (0.2 < error < 0.4), including films ID 4, 7, 8, 9, 12, 13, 15, 16, 17,
18, and 19. Finally, "high" errors (error > 0.4) were observed for films ID 2 and 5. Unsurprisingly, the
highest errors were observed in films with the lowest visual transmittance.
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Figure 82: Comparison of the mean absolute (mae) and root mean square (rmse) errors.

0.4

Further analysis of the films' colour rendition is presented in Figure 4, which illustrates the relative
differences between the correlated colour temperature (cct rel) of the film and the sky, as well as the
relative differences in Duv (duv_rel) between the film and the sky. These metrics quantify the extent
to which the window films change the colour of daylight passing through them.

Films with minimal deviations in both CCT and Duv preserve better colour neutrality, maintaining the
natural appearance of daylight. In contrast, several films, such as IDs 2, 5, 9, and 13, exhibit
significant deviations in both metrics, indicating a pronounced shift from the natural daylight of the
sky. On the other hand, films such as IDs 6 and 11 show minimal deviations in both CCT and Duv,

demonstrating superior colour rendition and a closer match to the sky's daylight characteristics.
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Figure 83: Comparison by window film of the Relative CCT deviation (cct_rel) and the relative Duv
deviation (duv_rel)

Lastly, Figure 84 summarises the relationship between photopic illuminance, melanopic-EDI, and the
melanopic-EDI/photopic illuminance ratio (M/P). In the figure, grey dots represent cases where the
M/P ratio lies between 0.95 and 1.05 (close to neutral), while blue dots indicate instances where the
M/P ratio exceeds 1.05.

Considering that lower IDs correspond to lower visual transmittance and higher IDs correspond to
higher visual transmittance, a higher visual transmittance is associated with higher melanopic-EDI
values and, consequently, higher photopic illuminances. When examining the M/P relationship, most
films show a greater effect on melanopic-EDI (M/P values above 1.05). This is expected because the
SPD of the sky—at the time of data collection—peaks in the blue-cyan spectral range, which coincides
with the peak sensitivity of the melanopic-EDI curve. However, films 5 and 8, which have M/P ratios
between 0.95 and 1.05, demonstrate that these films block the visible light spectrum in the blue-cyan
range, as observed in Figure 1.

It is important to note that these observations regarding non-visual effects are not conclusive, as the
data were collected at a single point in time and do not account for daylight variability throughout the
day or across seasons.
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Figure 84: Relation of the Photopic illuminance and melanopic-EDI and the M/P ratio

The performance of a window film would provide different results depending on the combination of
variables considered. No film can be deemed the best across all visual, non-visual, and error metrics.
A combined score that includes (weight) for the relative Duv, relative CCT, melanopic-EDI, and errors
could allow for a comprehensive evaluation where the weights are defined according to the specific
needs of each case study. The choice of window film will ultimately depend on the priority given to
each performance criterion, such as colour accuracy, daylight transmission, or non-visual effects like
melanopic response. Therefore, selecting the optimal film is context-dependent, and a flexible
approach to weighting these variables is essential for making informed decisions.

Conclusions

This study comprehensively evaluated the performance of 19 commercially available window films
using both visual and non-visual metrics, focusing on the quality and quantity of daylight transmitted.
We assessed how closely each film matched the sky's daylight spectrum by analysing spectral power
distributions (SPD) normalised at 560 nm. Films such as IDs 6, 10, 11, and 14 exhibited good spectral
fidelity, closely transmitting the daylight characteristics of the sky. In contrast, films like IDs 2 and 5
showed significant deviations, indicating a less accurate match to the natural SPD of daylight. Lower
visual transmittance films, such as IDs 1 and 3, demonstrated higher errors, as expected, due to their
design to block a significant portion of the visible light spectrum. Films with visual transmittance
above 20% displayed medium errors, reflecting a balance between light transmission and spectral
accuracy.

The colorimetric evaluation, based on the relative differences in CCT and Duv, further highlighted the
superior performance of films such as IDs 6 and 11, which closely preserved the daylight's
colorimetric characteristics. Conversely, films like IDs 2, 5, 9, and 13 exhibited greater deviations,
indicating pronounced alterations in the transmitted light's colour rendition. Such modifications impact
not only the visual intensity and colour but also the physiological responses of occupants, with
potential implications for health, well-being, and productivity.

The study concludes that no single window film excels universally across all visual and non-visual
metrics. The optimal film choice depends on the relative importance of factors such as colour
accuracy, spectral daylight transmission, melanopic-EDI, and error metrics like MAE. While a
composite performance score could be calculated to integrate these metrics, such an approach would
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require carefully weighted factors reflecting the specific priorities of the intended application.
Consequently, selecting the most appropriate window film is highly context-dependent, requiring a
flexible balance between competing performance metrics.

Future research could expand on this study by evaluating the performance of window films under
varying daylight conditions throughout different times of the day and across seasons, capturing the
dynamic nature of natural light. Additionally, incorporating energy-saving potentials into the analysis
would provide a more holistic understanding of the film's impact, addressing their optical properties
and contribution to building energy efficiency.
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