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suprachiasmatic nuclei (SCN) that release the hormone melatonin [18]. 
Directly controlling the sleep-wake cycle, the circadian rhythm also 
indirectly impacts core body temperature and blood pressure. A 
disruption in this cycle can lead to various health problems, including 
diabetes, cardiovascular disease, and even cancer [19]. Therefore, 
lighting quality is critical to human health. 

Sociological studies have indicated that 87 % of Americans spend 
their time indoors [20], an amount that likely has increased due to the 
pandemic. Appropriate indoor circadian lighting is crucial, which 
dynamically and time-dependently adjusts the spectral power distribu
tion (SPD) and occupants’ light exposure adaptation, considering their 
previous exposure history [21]. Regarding the time of exposure, 
Andersen discussed the effects of exposure to daylight at different times 
in Ref. [22]. While light exposure during the late day is a reason for the 
phase delay, exposure during the early day makes the phase advance. 
Furthermore, light exposure during the middle of the day does not 
impact the phase shift, although it impacts alertness. Regarding the 
illuminance intensity, there is a linear relation between light intensity 
and the non-visual effect of light, and it is normalized between 0 and 
100% [23]. 

One of the components critical to creating a healthy indoor envi
ronment is lighting, consisting of both artificial and daylighting condi
tions [24]. In this context, artificial lighting has primarily been explored 
to identify adequate indoor lighting capable of satisfying well-being 
thresholds because of the ease of manipulating lighting properties 
within experimental setups. For instance Ref. [25], examined how bi
polar disorder was affected by electric lighting, both during the day and 
at night. A review conducted in Ref. [26] found that bright ambient light 
with intense circadian stimulation may mitigate depressive symptoms 
and agitation in people with dementia. Alternatively [27], investigated 
the impact of widespread LED use on retinal circadian cycles. Despite 
these [28], demonstrated that morning is the optimal time for triggering 
the circadian response to light. Furthermore [29], proved that exposure 
to electric light does not produce results identical to daylight from a 
circadian rhythm perspective. As assessed in this study, electric light 
shifts melatonin onset and offset to 2 h later than daylight, meaning that 
when melatonin onset occurs close to sunset, its offset happens before 
wakeup and after sunrise. However, with electric light, melatonin onset 
occurs 2 h before the sleep hour and offsets after waking. Consequently, 
although electrical light is beneficial for providing an acceptable indoor 
visual environment, it does not substitute for daylight regarding circa
dian health. 

Furthermore, because daylight varies in intensity, color, and direc
tion during the day and with the different seasons, it brings more 
complexity when studying the influence of architectural daylighting on 
circadian health. In Ref. [30], the authors assessed the transmitted 
daylight intensity of a classroom in Spain from a circadian health 
perspective, arguing that LED lighting should be used as a supplement to 

indoor lighting to provide a healthier indoor environment for students. 
The glazing system can also alter input daylight from luminosity and 
temporal perspectives, following optical and morphological character
istics [31]. Significantly, the optical properties of the glazing system 
(which specify the spectral transmittance and reflectance of a window) 
influence the SPD of daylight. Since the maximum sensitivity wave
length for circadian light is blue wavelengths (~446–479 nm) [32], the 
types of window systems that feature the required optical properties for 
transmitting the corresponding SPD must be considered [28]. Aside 
from the window system’s optical properties, another factor influencing 
transmitted light is its morphological aspects. 

Due to the discussed complexities and the close relationship between 
daylighting conditions mediated by architectural window and glazing 
systems and the circadian health of occupants, the importance of 
studying such window systems has been well recognized in the domain. 
In recent years, a significant body of research has explored the impact of 
windows on circadian health, but only limited attempts have been made 
to review and synthesize previous studies or collect evidence on the 
causal relationship between a window system and indoor circadian 
health. There have been some relevant review studies about circadian 
lighting and health; however, these have focused primarily on artificial 
and daylight, underestimating the influence of windows on circadian 
health. Table 1 lists the summary of these review studies. As listed in 
Table 1 [33], is the only study that focused on the window; however, it 
did not cover all effective window characteristics on circadian light. This 

Nomenclature 

aca circadian action factor (unitless) 
CLA circadian light 
CER circadian efficacy ratio 
CS circadian stimulus (unitless) 
Ev virtical (photopic) illuminance (Lux) 
EC glazing electrochromic glazing 
EML equivalent melanopic lux (m_Lux) 
f Spatial Distribution of Circadian Light Exposure, according 

to the visual field, ranges 0.5-2 
LER light exposure ratio 
M(λ) melanopic luminous sensitivity function 
m-EDI _ED65

v,mel melanopic equivalent daylight illuminance 

M/P melanopic-photopic ratio 
S(λ) spectral power distribution of light sources 
SPD spectral power distribution 
t Time in Hours, ranging from 0.5 to 3 
Tvis visible transmittance 
V(λ) photopic luminous sensitivity function 
WWR window-to-wall ratio 
γD65

mel,v ratio of a test source’s melanopic efficacy of luminous 
radiation to the melanopic efficacy of luminous radiation 
of D65 (unitless) 

φn(lamp) normalized spectral power distribution of the light source 
(unitless) 

φn(D65) normalized spectral power distribution of the reference 
illuminant (D65) (unitless)  

Table 1 
Highlights of published review studies on circadian light.  

Reference Highlights Window 
inclusion in study 

[33] Impact of architectural characteristics, such as 
window area, surface reflectance, and window 
orientation on circadian lighting design. 

Yes 

[34] A systematic review of the impact of light’s 
intensity, SPD, duration, and time of exposure to 
light on the circadian rhythm. 

No 

[35] Non-visual effect of light’s color temperature and 
intensity and monochromatic light’s effect on 
human physiology. 

No 

[36] Reviewing the impact of the light’s intensity, 
exposure duration, phase, and SPD of light on the 
circadian rhythm. 

No 

[37] The non-visual impact of light on psychological 
and physiological responses. 

No 

[38] Reviewing the workflow for simulating the non- 
visual impact of light. 

No 

[39] Association between Daylight Saving Time (DST) 
and acute myocardial infarction (AMI), which 
may be caused bythe disruption of the circadian 
rhythm. 

No  
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7% of the room areas being below the M/P ratio of 0.9 when the glazing 
was thermochromic glazing, clear window, and blue-tinted glass, 
respectively. Glazings with different colors and various Tvis values were 
subjected to assessment in ([70,72,80,81]).[70] found no linear corre
lation between the visible transmittance and CS value, similar to the 
results of other studies, as some glazings with high visible transmittance 
are inefficient at meeting the threshold of circadian light. In Ref. [80], 
while all tinted glass effectively provided a CS above 0.3, green-tinted 
glass with a Tvis of 0.68 had the best performance, providing a CS of 
0.487 at a location within 1.8 m of the window. According to Ref. [81], 
red-, grey-, and yellow-tinted glass failed to provide a CS above 0.3 
within 1.8 m of a window before 9:15, 9:40, and 9:50 a.m., respectively. 
Furthermore, dark blue glazing with a Tvis of 0.54 failed to meet the 
threshold throughout the experiment day. [72], which evaluated the 
combination of tinted glass with colored walls of different reflectance 
values, found that double-pane glazing with one clear and one low-e 
coated glass pane with a blue-colored wall with 0.595 reflectance was 
best at achieving the required CS. Finally [69], evaluated two types of 
glass with Tvis values of 0.39 and 0.7. The window with a higher Tvis 
had an M/P ratio above 1, while the one with a Tvis of 0.39 was below 
0.4. 

4.4.1.2. Gaze direction and circadian light. According to the 14 studies 
focused on gaze direction, gazing perpendicular to a window provided 
the most significant exposure to circadian light. The impact of gaze di
rection and distance from the window was examined in four studies 
([66,69,71,86]). Within 2.3 m of the window, if the gaze direction was 
switched from perpendicular to parallel, the EML value when facing 
parallel was 0.24 times the value of a gaze towards the window [69]. 
When the distance was increased from 2.3 m to 4.1 m, the EML of the 
parallel gaze direction was 0.35 times that of the perpendicular gaze 
direction. Between 2.3 m and 4.1 m, the EML ratios for backward and 
perpendicular gaze directions were 0.14 and 0.61, respectively. In this 
way, the difference in exposure to circadian light decreased as the dis
tance from the window increased. When the distance from the window 
increased, the perpendicular gaze direction had a greater impact than 
the parallel and backward gazes [71]. By moving from 3 m to 5 m, the 
EML ratios from 3 m to 5 m for perpendicular, parallel, and backward 
gaze directions were 0.54, 0.7, and 0.75, respectively. According to 
Ref. [86], the circadian weighted irradiance in the parallel gaze direc
tion close to the window and perpendicular gaze direction when the 
distance from the window was 2 m were the same: 0.4 W/m2. The depth 
of regions with satisfactory EML levels was reported in Ref. [66]: 21 m, 
12 m, and 7 m for the perpendicular, parallel, and backward gaze di
rections, respectively. [73] investigated how gaze direction impacted 
circadian light exposure by season; the results showed that gaze direc
tion was most effective during the summer, whereas it did not have as 
much impact on exposure to circadian light during the winter. The only 
research that evaluated the parallel gaze direction for all window ori
entations was [56]. According to this study, for north-, east-, south-, and 
west-facing windows, the maximum levels of CS in the parallel gaze 
direction were from gazing towards the west, south, east, and north, 
respectively. Finally, the only study that focused on variations in gaze 
direction along the vertical axis was [75]; based on that work, tilting the 
head downward caused the level of melatonin suppression to decrease. 

4.4.1.3. Window-to-wall ratio and circadian light. Based on all published 
studies, it was established that increasing WWR increases circadian light 
to a sufficient level. The impact of WWR, when combined with interior 
surface reflectance, has been investigated in two studies ([63,89]). 
Based on these, interior surface reflectance was found to have a substi
tutive effect on circadian light relative to WWR; in addition, it is energy 
efficient. Window orientation was another variable evaluated. In gen
eral, as reported in ([61,62,64,76]), north-facing windows require 
higher WWR than south-facing windows to provide sufficient circadian 

light [83]. also evaluated the impact of orientation and WWR on 
circadian light. In this research, the effectiveness of these two variables 
was scaled by the electric light used to provide the required level of 
circadian light, and the comparison was between north- and east-facing 
glazing; increasing the WWR reduces electrical energy use for lighting, 
but this effect will vary from city to city. 

4.4.1.4. Window distance and circadian light. The impact of distance 
from a window has been widely discussed in the literature. It has mostly 
been evaluated along with other variables, such as gaze direction and 
window orientation (discussed in their respective sections). Increasing 
the distance from the window decreases the sufficiency of circadian 
light. In Ref. [56], a distance further than 4.5 m from the window did not 
provide a CS above 0.3, while in Ref. [88], within 2.3 m from the win
dow showed an average EML of 33.6. [57] evaluated the increment of 
distance from the window and its impact on the average deficient 
occasion, finding that the number of deficient occasions increased by 
120 % at a distance of 3.5 m from the window and by 200 % at 5.7 m 
from the window, as compared to the number of deficient occasions at a 
distance of 1.3 m. 

4.4.1.5. Window orientation and circadian light. An evaluation of the 
effects of window orientation on circadian light was offered in 13 
studies. [68] considered the impact of seasonal variation and sky type on 
window orientation, finding that the penetration of circadian light 
through a north-facing window was not influenced as much by sky-type 
changes as was light through a south-facing window. According to 
Ref. [30], the worst cases were detected in the southwest and northwest 
directions; this research compared the southwest, northwest, southeast, 
and northeast directions. The impact of surface reflectance and window 
orientation on circadian light was evaluated in Ref. [65]; as a result of 
raising the surface reflectance from 0.2 to 0.8, daylight autonomy for a 
room with south-facing windows increased from 26.4 % to 41.5 %. 
However, the enhancement was from 22.5 % to 72.5 % for a room with a 
north-facing window. [62] investigated the impacts of WWR and win
dow orientation, finding that for a room with a north-facing window, a 
larger WWR would be required to produce the same level of CS as a room 
with a south-facing window. 

4.4.1.6. Shading system and circadian light. Compared with other pa
rameters, little attention has been paid to the influence of shading sys
tems on circadian light. This parameter has been the subject of only 
three studies. [86] compared the performance of Venetian Blinds (VB) 
and Optical Louver Systems (OLS), reporting that while VB provided 
higher illuminance during the day, the circadian weighted irradiance for 
Optical Louver Systems (as compared to Venetian Blinds) was higher 
between 11:00 and 12:00. This means that the circadian weighted light 
was not proportional to the illumination. [66] found that as long as the 
shading system did not substantially disrupt the sky view from the 
window, it would not interfere with circadian rhythms. Additionally, 
according to Ref. [83], which discusses a window’s visual, energy, and 
non-visual performance indoors, when daylight illuminance at a dis
tance of 0.75 m away from the window and above ground level exceeds 
2000 lx, the blinds of lower windows are often lowered, increasing the 
electricity consumed by LED light to fulfill both visual and non-visual 
light-related needs. 

4.4.2. Windows and circadian health 

4.4.2.1. Sleep quality. There were seven “interventional human subjects 
studies,” five of which focused on participants’ sleep. The results of [78] 
indicated a significant impact of window type on sleep disturbance and 
sleep-related impairment. Using the normalized Patient-Reported 
Outcome Measurement Information System (PROMIS) T-score, it was 
evident that EC glazing was 0.9 times more likely to cause sleep 
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disturbances than a window with blinds (p-value = 0.036). Regarding 
sleep-related impairment, the effectiveness of EC glazing was 0.87 times 
greater than a window with blinds (p-value = 0.049). The experiment 
condition described in Ref. [78] was roughly repeated in Ref. [79]; 
however, broader aspects of health were evaluated. In accordance with 
the factor analysis determined by the 20 Positive and Negative Affect 
Schedules (PANAS), EC glazing was 200 % more effective than a window 
with blinds with regards to controlling extrinsic positive emotions, and 
“Alert,” one of the items on the 20 Positive and Negative Affect Sched
ules (PANAS), had a high loading coefficient. [80] found a significant 
correlation between alertness, window color, and time of day in their 
ANOVA test. In Ref. [81], which conducted a two-way ANOVA test to 
investigate the correlation between glazing color and participants’ 
alertness, no significant main effect was found [F = 1.955, p-value =
0.07]. There was a significant correlation between time and alertness [F 
= 8.778, p-value = 0.07]. Finally [82], proved the impact of glazing on 
sleep duration. According to a fitted linear model, participants who used 
an office with EC had a 19.7-min increase in sleep duration. Compared 
to the baseline, people who used a room with blinds had a 14-min 
reduction in sleep duration. 

4.4.2.2. Other health outcomes. While circadian health accounts for 
broader health aspects, none of the chosen studies focused on the cor
relation between windows and those health aspects. Only one study 
[80], which covered physical and emotional health, evaluated the 
impact of windows on well-being and mood. There is a significant cor
relation between window color and physical well-being and relaxation. 
According to Spearman’s rho correlation between the CS responses to a 
Mood Questionnaire, there was no significant correlation between CS 
and mood [Spearman’s rho = -0.01, p-value = 0.8]. 

5. Discussion 

5.1. Circadian light metrics used in window-related circadian health 
studies 

The chosen studies used various evaluation metrics to explore 
circadian light conditions. First, as listed in Figs. 5 and 14 different 
metrics were used in total, and all were inherited from artificial or 
electrical lighting fields. While certain standards and authorities have 
defined metrics for circadian light, a universally accepted set of metrics 
has not been established across all authorities and scientific commu
nities ([90,91]). Different authorities have developed and adopted 
various metrics, each focusing on specific aspects of this intricate system 
and driven by specific practical considerations. However, this hetero
geneity of metrics use may result in inconsistencies and differences in 
the conclusions drawn about windows’ influence on circadian health. 
Second, as shown in Fig. 5, some studies used photopic-based circadian 
light measurement systems instead of melanopic-based ones. This may 
have resulted in inaccurate or even erroneous conclusions due to the 
different peak sensitivity spectra and photopic and melanopic vision 
ranges. Accordingly, it is suggested that circadian health and window 
analyses should employ melanopic vision-focused metrics or basic 
radiometric quantities. Third, among these metrics, the two most 
commonly used circadian light metrics in window-related circadian 
health studies are EML and CS. There is some doubt about the consis
tency of these two metrics, as mentioned in Ref. [56], in which both 
metrics are used to evaluate a room’s circadian light performance. As 
reported by Zeng et al. while the circadian light conditions for two 
rooms were met according to the CS threshold, only one met the 
threshold based on the EML metric. Furthermore, that study found that 
at greater illuminance levels, EML values may be up to 75 % higher than 
CS values. This illustrates the discrepancy between the two metrics. 
Furthermore, the thresholds for these metrics vary according to occu
pant age [92], type of activity [53], and health status [93]. In most 

studies reviewed here, the evaluation threshold was a CS greater than 
0.3 or EML equal to or greater than 240. Fourth, similar to CS and EML, 
most circadian metrics were either reported as location-based and at eye 
level, the measured value for that specific point, or an average of the 
entire room, which may not adequately reflect transmitted circadian 
light for the entire area in a room. Despite the fact that in some studies, a 
metric such as the circadian frequency was proposed as a way to indicate 
the frequency of adequate circadian light on average for a given room 
during certain days in a week, the reported values did not offer accurate 
insights into the absolute value of circadian light and its adequacy. 

Previous studies investigating the effects of windows on circadian 
health have used electrical/artificial lighting-based circadian lighting 
metrics. While some methods are popular and widely used, relying on a 
single technique or index in window-based circadian health studies is 
not recommended, as there is a discrepancy between the metrics and the 
threshold for reporting the results. For example, according to Ref. [72], 
there is a difference in the duration between indoor lighting which 
meets two CS and EML metrics. Additionally, according to Ref. [56], 
while both south- and west-facing windows meet the CS threshold, 
based on the EML, only the south-facing window does so. Even though 
this discrepancy is nonexistent in Ref. [72], it is significant in Ref. [56]. 
Moreover, these electrical/artificial lighting-based metrics are mostly 
calculated at eye level and for a specific location, failing to consider 
other spatial and temporal effects of natural daylight transmitted 
through windows on circadian rhythms. Therefore, it may be necessary 
to develop a new circadian light metric specifically for natural daylight 
entering through windows, considering the spatial distribution; this 
would address the gaps and discrepancies mentioned above. 

5.2. Software or tools used for simulating circadian light through window 
systems 

An appropriate simulation tool must recognize and accept the 
spectral characteristics of day/skylight sources, window and glazing 
components, and interior material surfaces to accommodate the com
plex optical features of window and glazing systems for circadian light 
analysis. Fig. 4 shows that ALFA and DAYSIM are the two most common 
simulation programs, while ALFA [94] and LARK [95] are the only 
spectral simulation programs capable of simulating circadian light 
through window systems. Among the selected research, LARK was not 
used as commonly as ALFA. This could be due to the user-friendly 
interface of ALFA’s simulation software, as opposed to LARK, which 
requires knowledge of Radiance and Python programming. A compari
son of LARK and ALFA was made in four studies ([96–99]). Accordingly, 
the simulation in ALFA was found to process faster than in LARK; the 
nine channels used for simulation in LARK took longer. 

As reported in Ref. [96], the root mean square error for two reflective 
plaster materials under overcast and clear skies was smaller when 
simulated in LARK than in ALFA. However, ALFA presented a more 
precise outcome in a green environment under clear and overcast skies. 
Another study compared LARK and ALFA [97], concluding that Lark 
simulated ipRGC-influenced daylighting more accurately than ALFA and 
electric lighting was slightly more accurate. Furthermore, daylight 
exposure simulations over 6h in LARK and ALFA led to 9 % and 26 % 
errors, respectively, indicating that LARK was more precise. Two sim
ulations, one three-channel, and one nine-channel, are available in 
LARK. In Ref. [98], the accuracy levels of these two methods were 
evaluated and compared to ALFA. The study concluded that the LARK 
nine-channel method provided the most accurate results relative to the 
ALFA and LARK three-channel options. [99] compared the simulations 
of the circadian effect of three luminaries on both platforms, LARK and 
ALFA, concluding that ALFA led to faster and more accurate output. The 
studies demonstrate that LARK is the best platform for simulating indoor 
daylighting and focusing on circadian effects, despite appearing only 
infrequently in the works selected for this literature review. 
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5.3. New fenestration indicator for circadian health 

All studies in this research reported Tvis as a major property in terms 
of circadian light and health analysis, combined with qualitative de
scriptions such as glazing color ([70,72,80,81]). Based on the findings in 
those studies, there are several common features that window systems 
should possess to produce high levels of circadian light, including high 
visible transmittance (Tvis) and tinted glass with specific colors (i.e., 
green and blue). However, as discussed above, because photopic and 
melanopic vision have different sensitive spectral ranges and peaks, 
these references do not provide a consistent and quantitative assessment 
of a window’s ability to produce circadian light. For instance, based on 
the window listed and its reported output, there can be glazing systems 
with low Tvis and high CS or EML [80]. Compared to commonly used 
indicators in the fenestration field, such as the U-factor, Tvis, and solar 
heat gain coefficient, a more accurate representation of transmitted 
circadian light can be achieved using radiometric quantities or mela
nopic transmittance, as adopted in Ref. [70]. However, it should be 
noted that the actual recipient level of circadian light is influenced by 
the glazing’s optical properties and other elements, such as the daylight 
source, interior, and occupant, as the nodes illustrated in Section 2.2. 
Therefore, to develop a standardized indicator for circadian light, it is 
necessary to consider standardized boundary conditions that consider 
these different factors. It will be challenging for architects and building 
professionals to design and construct buildings that promote healthy 
circadian rhythms in occupants without a standardized indicator. 

To develop such an indicator, several key factors must be considered. 
First, a standardized boundary condition must be established to assess 
the window’s circadian light transmission under consistent and 
controlled conditions. This can include standardizing window size, po
sition, interior space and materials settings, solar and skylight spectra, 
and occupant positions and postures. Note that radiometric-based 
quantities should be standardized for all of these boundary compo
nents. Second, the spectral transmittance of the window should be used 
as the primary input for assessing the window’s ability to supply circa
dian light. This requires a comprehensive spectral analysis of the win
dow’s transmittance characteristics, which can be done using various 
spectroscopic tools and techniques or integrated into existing tools for 
fenestration systems such as LBNL WINDOW and OPTICS, which include 
the detailed spectral characteristics of the major window and glazing 
products in North America. Third, to incorporate all the boundary 
components into the indicator computation, computational models must 
be built to simulate the circadian light conditions through the window 
and into the interior space as received by users. Existing modeling and 
simulation tools such as LARK and ALFA could be leveraged in this 
process. 

The applications for this new indicator are wide-ranging. They could 
include the development of novel building codes and standards that 
incorporate circadian health considerations, as well as the creation of 
new fenestration products designed specifically to optimize circadian 
light transmission. Additionally, this indicator could provide building 
owners and occupants with valuable information regarding the potential 
impact of different window systems on their health and well-being. 
Ultimately, developing a standardized and quantitative indicator for 
the influence of windows on circadian health can revolutionize how 
buildings are designed and constructed, promoting healthy circadian 
rhythms and improving the overall health and well-being of occupants. 

5.4. Importance of studying gaze direction relative to window position 

Gaze direction illustrates the occupant’s viewing direction and 
relative relationship to the window position, which are vital for expo
sure to circadian light. Like the other factors discussed in Section 4.4.1, 
gaze direction can affect light exposure intensity and level in coopera
tion with other interior parameters. Based on this review, window-ward 
(i.e., gaze direction perpendicular to the window) gazes obtain higher 

circadian light exposure as long as the room depth allows daylight 
penetration. However, multiple factors may affect the importance of 
gaze direction on the circadian light occupants receive. In particular, as 
described in the Results section, the circadian light conditions exposed 
at the spot closest to the window do not differ significantly based on the 
gaze direction. Similarly, the level of exposure does not significantly 
vary from one gaze direction to another in cloudy or overcast sky con
ditions in which the majority of daylight that penetrates is diffused in 
type. This indicates that a substantial portion of the light received by the 
eye comes from diffused rather than direct light when viewing from gaze 
directions that are not window-ward. Furthermore, variations in gaze 
direction along the vertical axis, a topic only discussed in Ref. [75], have 
been neglected in other studies; however, it was shown in that research 
that the variation is significant, especially when considering situations 
in which body posture or type of activity make the gaze direction tilt 
upward or downward. 

It is generally accepted that exposure to natural daylight is more 
powerful at regulating circadian rhythms and promoting overall health 
than exposure to artificial or electrical light. However, the actual light 
intensity and spectral composition received can vary depending on the 
user’s posture and distance from the window and the surrounding 
spatial and interior characteristics. The review studies found a correla
tion between a user’s posture, distance from the window, and spatial 
characteristics. In addition, one factor may affect circadian light 
differently depending on the other two factors. For example, suppose the 
interiors of two identical rooms within a building have identical 
reflectance values, one facing north and the other south. The north- 
facing room requires a greater WWR. However, the same-sized WWR 
window could be used effectively in both rooms if an interior surface 
with high reflectance is used in the north-facing room compared to the 
south-facing room. For the purpose of creating a healthy environment 
that provides sufficient circadian light, it is essential to distinguish the 
spot of shortage and the dominance of the lighting source on the 
particular spot, whether it is direct or diffused light; thus, an appropriate 
solution could be provided based on the type of light source. For 
example, if diffused light is the dominant source, interior wall reflec
tance and WWR are two factors listed according to their effectiveness 
that could amplify interior circadian light. Alternatively, if direct 
lighting is the dominant source, south or east-facing windows and a 
close distance from the window could provide sufficient circadian 
lighting. 

Studying gaze direction relative to window position has become 
crucial to understanding how different environmental factors can 
impact circadian light exposure levels, ultimately affecting sleep, mood, 
and overall health. This highlights the potential for future technology 
development in terms of human posture and view direction detection, 
monitoring, and prediction to better understand the relationship be
tween windows and circadian health outcomes. 

5.5. Intervention studies related to a window’s impact on circadian health 

The studies reviewed in this research provide important insights into 
the impact of windows on circadian health outcomes such as sleep 
quality, alertness, and well-being. While some suggested that exposure 
to natural light through windows can improve circadian health, others 
have found conflicting or mixed results. As such, much is still to be 
learned about the precise mechanisms and effects, especially those 
witnessed in controlled intervention studies. To enhance understanding 
of how windows impact circadian health, it is necessary to perform more 
rigorous control interventions and comprehensive experiments within 
well-controlled environments with consideration of all influential pa
rameters and their multilateral effectiveness on circadian health. Such 
experiments would enable more accurate measurement of the effects of 
window-related factors such as glazing type, color, and position on 
circadian health outcomes. They would also allow for exploration of the 
impact of windows on other aspects of health and well-being, such as 
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mood and cognitive function. 
One area where such research could be precious is in healthcare 

facilities such as nursing homes, where older adults with dementia may 
be especially susceptible to disruptions in their circadian rhythms. By 
investigating the impact of windows on the sleep and overall health of 
these individuals, studies could identify ways to improve their quality of 
life. 

6. Conclusion 

Thirty-three sources in the study were selected to assess window 
performance from a circadian health perspective. Among the seven ex
periments focused on windows and their effects on well-being, a sig
nificant correlation was found between windows and sleep duration, 
sleep-related disturbances, and impairments. While most studies were 
simulation-based and conducted across various latitudes, appropriate 
window selection based on the outdoor environment and interior spatial 
properties that transmit high levels of circadian light and possess 
accountable morphological properties could provide healthy indoor 
environments. This review analysis accentuates the groundbreaking 
nature of the exploration into the use of specialized circadian light 
metrics, pioneering a shift away from the standard EML and CS metrics 
which have demonstrated a variety of outcomes. It advocates for a move 
beyond the limited scope of Tvis as a solitary metric, given its insuffi
ciency in addressing the different spectral sensitivity realms of photopic 
and melanopic vision. Furthermore, the review brings to the fore an 
intricate examination of natural daylight, a universally applauded 
regulator of circadian rhythms and promoter of general well-being. It 
underscores the nuanced changes in the quality and intensity of light 
which are influenced by a dynamic interplay of factors including 
posture, proximity to light sources, and the specific spatial dynamics of a 
given environment. Delving deeper, the discourse unveils the pivotal 
relationships intertwined between physical posture, relative distance to 
windows, and spatial attributes, hence highlighting the urgency for a 
multifaceted approach in circadian lighting assessment that leverages 
these crucial determinants. 

Despite the influence of geographical and environmental factors on 
solar radiation, more research, mainly controlled intervention studies, is 
needed to understand the potential role of window systems not only as a 
source of daylight for visual activities but also as medical or healthcare 
devices for indoor circadian health improvement. This review presents a 
novel perspective by addressing the divergence in outcomes with 
commonly used circadian light metrics like EML and CS. It underscores 
the need for a specialized circadian light metric while also highlighting 
the limitations of relying solely on Tvis due to the distinct spectral 
sensitivity of photopic and melanopic vision. This contribution offers a 
more nuanced understanding of circadian light’s impact on health. 
Given the potential for further research on this topic, it is recommended 

to conduct more rigorous studies on the multilateral effectiveness of the 
parameters controlled over a broader range of values. It is also necessary 
to define a precise measurement metric with a threshold determined by 
the type of activity. From a practical implementation standpoint, it is 
necessary to establish a reliable indicator for circadian transmittance for 
windows. As with other thermal or optical indicators, this health-related 
indicator would simplify the window selection process. 

In conclusion, the current preference for electric lighting for reliable 
circadian health underscores the importance of this technology. How
ever, it is equally crucial to keep in sight the potential of daylighting and 
windows in shaping indoor circadian lighting design. The renewable 
qualities of daylight, along with advances in tunable LED lighting sys
tems, as well as the development of smart glazing and window tech
nologies that can adapt their optical characteristics in response to 
external triggers or user input, the integration of these elements has 
moved from a theoretical consideration to a practical possibility that 
necessitates further study. In providing evidence about specific param
eters, ranges, or thresholds of window optical and morphological 
properties, this review lays the foundation for future investigations. By 
bridging the understanding between window design and indoor circa
dian lighting conditions, there is an aspiration to guide the development 
of more energy-efficient, health-promoting, and sustainable indoor en
vironments. As it navigated the possibilities and challenges, it has been 
found that there is a delicate balance of human health, sustainability, 
and innovation. 
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Appendix  

Table 5 
Summary of reviewed works  

REF Objective Research setting Evaluation 
metrics 

Evaluated window properties Outcome 

[60] Development of a novel 
daylighting metric for human 
indoor circadian stimulus 

Simulation (Rhinoceros, 
Grasshopper, Honeybee) 
Type of room_ A commercial office 
building (64 × 40m2) 
Window: (Tvis -0.65) surface 
reflectance: (floor: 0.3, wall: 0.5, 
ceiling: 0.8) 
Location: San Francisco, CA 

EML_ 
Threshold: Five 
days/weak with 
EML ≥ 250 during 
7:00–10:00 a.m. 

WWR: 30 % and 50 %, 
Distance from the window: Grid 
of 2 × 2, 
Gaze direction: 360◦ on the 
horizontal plane with 45-degree 
intervals 

By increasing the WWR, all grids 
cover the =<50 % of stimulus 
frequency, and the grids with the 
95 % of the stimulus frequency 
increase by 2.1 times. 
By increasing the WWR, the 
stimulus frequency for the points 
distanced from the window 
increases. 
Gazing backward provides a 

(continued on next page) 
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Table 5 (continued ) 

REF Objective Research setting Evaluation 
metrics 

Evaluated window properties Outcome 

stimulus frequency of 0/7. Gazing 
parallel to the window covers fewer 
periods of the year compared to 
gazing perpendicular to it. 

[68] Assessing the non-visual impact 
of the daylight on both mother 
and newborn in maternity ward 

In situ measurement and Simulation 
(Grasshopper, Ladybug, Honeybee) 
Type of room: Double-occupancy 
maternity ward in Hospital (4.2 ×
6.9m2) 
Window: (Double pane, Tvis-0.8) 
surface reflectance: (floor:_0.4, 
wall: 0.7, 
ceiling: 0.7, 
bed surface:_0.6) 
Location: Harbin_ China 
Cornea height: 0.45, 0.55 & 1 m 

EML 
Stimulus 
frequency 
CEA 
Threshold: Five 
days/weak with 
EML ≥ 250 during 
8:00–12:00 a.m.) 

Distance from the window: 
0.7,1.5,2.9&3.7 m 
Window orientation: north and 
south 

South facing window provides a 
minimum of 190 lx of daylight for at 
least 4 h a day during a sunny day. 
Regarding the north-facing 
window, the impact of the weather 
change on the indoor light is less 
sensible. 
During a sunny day, all considered 
points are exposed to 190 lx of 
daylight for points close to the 
window _within the distance of 1.5 
m of the window_ the exposure 
length is at least 4 h a day. By 
increasing the distance, the 
exposure period decreases (2 h a 
day for a point within the 2.9 m of 
the window, and point within 3.7 
m, it is 1 h a day). 
During a cloudy day, only two 
points of 0.45 and 0.55 at the height 
of 0.45 m and 0.55 m are exposed to 
170 lx for 4 h a day. 
Regarding the stimulus frequency, 
for point within the 1.5 of the 
windows do have 90 % of ≥ 5 d/wk 
with the increase of distance, the 
percentage decrease to the 70 % 

[78] Assessing the impact of the type 
of glazing on the physical and 
emotional health of the office 
workers 

Interventional human subject study_ 
Participants 
Participants: 
30 office workers (63 % male and 
37 % female) 
Age range 23–55 (average age of 34 
years) 
Type of room: West facing office, 
Window: (Window with blind_ 
glass with Tvis 0.58 covered 75 % 
by a fabric roller shades with Tvis 
0.015 
EC window_ Tvis of 0.58 downs to 
0.005) 
Location: Durham, North Carolina 

CS 
Ev 

Tvis Average of CS of the case with EC 
glazing_ 0.42 
Average of CS of the case with 
window and blind_ 0.05 
Ev during the 7:00 to 13:00 for the 
case with EC glazing is in the range 
between 230 and 580, while, for the 
case with window and blind is in 
between 25 and 50 lx 

[79] Assessing the impact of the type 
of glazing on the circadian 
effective light in apartments 

Interventional human subject study_ 
Participants: 20 residents in 16 
unique apartment units (55 % 
Female, 40 % Male, and 5 % Non- 
binary 
Age range 21–77 (average age of 35 
years) 
Type of room: 
12/16 had southeast facing window 
and 4/16 had northwest facing 
window. 
Window: (EC window_ Tvis-of 0.58 
downs to 0.005, 
Window with blind_ Tvis-0.58 and 
covered in half with blind) 
Location: Reston, Virginia, USA 

CS 
Ev 

Tvis Average of CS of the case with EC 
glazing_ 0.156 
Case with window and blind_ 0.138 
Average of Melanopic lux of the 
case with EC glazing_ 202.4 
Case with window and blind_ 177.2 
In the fitted linear model, the EC 
glazing was evaluated as 
statistically significant, and the 
existence of EC glazing reduces the 
sleep onset time by 22.2 min. 
Besides, the EC glazing with a 0.88- 
point difference from the window 
with the blind is more effective for 
sleep regularity. 

[61] Evaluating the impact of the 
architectural feature over the 
circadian stimulus 

Simulation_(DAYSIM)) 
Type of room: A typical hospital 
room (3 × 6*3m3) 
Window: (Double pane, Tvis- 0.75) 
surface reflectance: (floor: 0.2 and 
0.6, wall: 0.4 and 0.8, 
ceiling: 0.6 and 0.8) 
Location: London, UK. & Madrid, 
Spain 
Cornea height: 0.6 & 1 m 

CS 
Threshold: CS ≥
0.35 for at least 1 
h, during 8:00 to 
12:00 

WWR: 10, 20,30,40,60 & 80 %, 
Distance from the window: _ 
Grid of 0.3*1m2, 0.5 m distanced 
from side walls, 
Gaze direction: 360◦ on the 
horizontal plane with 45-degree 
intervals 

London & high interior surface 
reflectance: value for WWR above 
40 %, CS is above the threshold for 
both sitting and lying positions, for 
WWR 30 % and entire sitting 
positions, the value of CS was also 
above the threshold. By decreasing 
the WWR, the region with a 
sufficient level of CS reduces. 
WWR of 60 and 80 % provide the 
same level of CS. 
Low interior surface reflectance_ 
the window with the highest WWR 

(continued on next page) 
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Table 5 (continued ) 

REF Objective Research setting Evaluation 
metrics 

Evaluated window properties Outcome 

is insufficient for providing 
threshold CS in lying positions in 
the room. However, for a sitting 
position for WWR above 40 %, the 
required threshold is met in the 
entire room. 
Madrid & high interior surface 
reflectance: WWR above 30 % is 
sufficient to provide the entire room 
with the threshold. 
Low interior surface reflectance_ 
WWR should be above 80 % to 
provide the CS of 0.35 in the entire 
room. 
For WWR 10 % and sitting position 
by a distance above 1.8 m from the 
window, the average CS was below 
the threshold by an increase to 20 % 
WWR, the area with insufficient CS 
starts from the distance of 3 m from 
the window, and for 30 % WWR, 
the limits is within the 4.2 m of the 
window. For sitting positions, WWR 
10 % and 20 % were insufficient for 
providing the adequate level of CS 
for a location further than 3.3 m and 
5.1 m from the windows, 
respectively. 

[30] Evaluating the lighting of the 
teaching environment from 
both photopic and melanopic 
perspective 

Simulation_(DialuxEvo) 
Type of room: Four classrooms 
(C1:9 × 7*2.75m3 

C2:5.7 × 4.6*2.6m3 

C3:8.5 × 5.65*2.82m3 

C4:8 × 3.9*3.03m3) surface 
reflectance: (floor: C1: 0.75, C2: 
0.85, C3:0.75, C4:0.9 wall: 
C1:0.12&0.7, C2: 0.85, C3:0.82, 
C4:0.9 
ceiling: C1:0.9, C2:0.85, C3:0.75, 
C4:0.9) 
Location: Zaragoza. Spain 
Cornea Height: 1.3 m 

EML m-EDI 
Threshold: EML 
≥ 250 

Distance from the window: C1& 
C2:grid of 3 × 3, 
C3& C4: grid of 3 × 2, 
Gaze direction: Perpendicular to 
window, parallel to window, 45◦

in between the perpendicular and 
parallel positions 
Window orientation: 
C1: south_east 
C2: north_west 
C3: south_west 
C4: north_west 

C2: approximately for all points in 
this room, 
C3: Within the 2.8 window, the 
EML was above the threshold and 
decreased beyond it. 
C4: Within the 2.6 window, the 
EML was above the threshold and 
decreased beyond this distance. 
C1: Except for point 6 (middle point 
close to the window), all spots have 
higher EML in the direction 
perpendicular to the window. 
C2, C3, C4: Directions 
perpendicular, 45◦ , and parallel to 
the window expose EML from high 
to low, respectively. 
C3 and C4: Worst subjectively 
illuminated. 
C1: at 11:00, the location close to 
the window reaches the maximum 
photopic Ev of 70000 lux. 

[69] Assessing the impact of the 
window’s Tvis over photopic 
and melanopic lighting 

In situ measurement 
Type of room: A typical room, (2.8 
× 5.5m2) 
Window: (Clear triple glazing 
_Tvis:0.7 
Clear triple glazing with foil Orange 
50 UV added_Tvis:0.39) surface 
reflectance: (floor: 0.32 wall: 0.74 
ceiling: 0.74) 
Cornea height: 1.2 m above the 
ground 

EML 
M/P ratio 
Threshold: EML 
≥ 250 

Distance from the window: 
2.3& 4.1 m 
Tvis: 0.7 and 0.39 
Gaze direction: perpendicular, 
parallel, and backward 

Within the 2.3 m from the window, 
the average EML is 33.6 lux, and in 
no considered spot for 
measurement, the level of EML 
achieved the threshold. In the 
further spot, the average EML 
decreases to 14.3 lux. 
In the perpendicular direction, 
occupants are exposed to the 
maximum level of EML; when the 
direction gets parallel in the spot 
close to the window, EML gets 0.24 
of the situations while facing the 
window. In the further spot, this 
ratio increases to 0.35. For the back 
direction, the level of EML gets 
minimum, and in the spot close to 
the window, the ratio of backward 
to perpendicular direction gets 
0.14, while in the further spot, this 
ratio increased to 0.61. 
For Tvis 0.7, the ratio of M/P is 
higher than one 
For 0.39: the ratio of M/P gets 
approximately less than 0.4 

(continued on next page) 
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Table 5 (continued ) 

REF Objective Research setting Evaluation 
metrics 

Evaluated window properties Outcome 

[70] Analyzing the impact of 
daylight on circadian rhythm 

In situ measurement in the 1:5 
scaled model_ 
Type of room: A typical room 
(actual size: 3*9m2) 
Window: (actual size:2 × 1.5m2 

Reference room _single pane clear 
glass _Tvis:n/a 
Tested room_ 
UV filter_AMBER_ Tvis:0.57, 
TC:0.18 
Antelio blue 6 mm_Tvis:0.57, 
Tc:0.69 
Yellow color curtain_Tvis:0.24, 
Tc:0.08 
Red color curtain_ Tvis: 0.04, 
Tc:0.00 
Green color curtain_ Tvis: 0.21, 
Tc:0.09 
Planibel green 6 mm_ Tvis: 0.74, 
Tc:0.74 
Planibel Bronze 6 mm_ Tvis: 0.5, 
Tc:0.44 
Yellow foil_ Tvis:0.86, Tc:0.56 
Green foil_ Tvis: 0.57, Tc:0.43) 
Location: Bratislava in the Slovak 
Republic 
Cornea height: 1.2 m from ground 

CS Tvis Ratio of the CS between the tested 
and reference model was reported: 
UV filter_AMBER_ 0.39 
Antelio blue 6 mm_1 
Yellow color curtain_0.11 
Red color curtain_0.08 
Green color curtain_0.08 
Planibel green 6 mm_0.55 
Planibel Bronze 6 mm_0.25 
Yellow foil_0.72 
Green foil_0.39 

[57] Elaborating the impact of TC 
coating on daylight 

In situ measurement and Simulation 
(Rhino, Honeybee plugin, ALFA) 
Type of room: A typical furnished 
office room (5 × 7*3.5m3) 
Window: (south orientated, 
WWR:0.57 
Tio2@W-VO2 TC _Tvis:0.56 
Clear Float Glass_ Tvis:0.907 
Blue Tinted glass_ Tvis:0.707) 
surface reflectance: (floor: 0.35, 
wall: 0.7, 
ceiling: 0.8 Furniture: 0.45) 
Location: Shantou. China, 
Pittsburg. USA, 
Calgary. Canada 
Cornea height: 0.8 m above the 
ground 

EML 
M/P 
Threshold: EML ≥
250 & 550 and M/ 
P ≥ 0.9 

Distance from the window: 
1.3 m, 3.5 m &5.7 m 
Tvis 
Gaze direction: perpendicular, 
parallel 

1.3 m from window: ~2.5 % of 
occasions EML<250 
3.5 m from window: ~5.5 % of 
occasions EML<250 
5.7 m from window: ~7.5 % of 
occasions EML<250 
Considering the Tvis of glazing 
type, the region with an M/P ratio 
below 0.9 are: 
Tio2@W-VO2 TC: 32 % M/P < 0.9 
Clear Float Glass: 18 % M/P < 0.9 
Blue Tinted glass: 7 % M/P < 0.9 
For gazing parallel: 67 % of the 
room could not meet the threshold 
for EML. 

[62] Promoting indoor lighting of 
educational space for providing 
efficient level of circadian light 

Simulation (DaySim) and validation 
experiment 
Type of room: A typical classroom 
(8 × 8*3m3) 
Window: (located in middle of wall 
or above 1.5 m of the 
height_Tvis:0.75) surface 
reflectance: (floor:_0.2 and 0.6, 
wall:_0.4 and 0.8, 
ceiling:0.6 and 0.8) 
Test cell for validation: 2.4 ×
3.2*2.7m3 

Window: (south facing, 1.08 ×
1.16m2, Tvis:0.75) surface 
reflectance: (Wall & ceiling: 0.72, 
floor: 0.22) 
Location: London. UK, Paris. 
France, and Madrid. Spain 

CS 
CSA 
Threshold: CS ≥
0.3 

WWR: 30, 45 & 60 % 
Window location: Centered: 
center of façade, Upper: above the 
half height of façade. 
Distance from the window: grid 
of 0.4 × 1.9m2, 0.2 m distanced 
from side walls, 
Window Orientation: north and 
south 

Minimum of WWR according to the 
window orientation and simulation 
location: for a bright inner surface, 
the WWR of 30 % is sufficient for 
meeting the threshold in the entire 
class in both Madrid and Paris, for 
London which has mainly overcast 
sky, the north facing façade should 
have a window with 45 % WWR 
and 30 % WWR is sufficient for the 
south-facing window. 
In the dark inner surface, the north- 
facing window in London could not 
meet the required threshold in any 
WWR. For south facing window in 
London, both directions in Paris, 
and north facing window in Madrid, 
the WWR of 60 % is sufficient for 
providing the CS above 0.3. For the 
south facing window in Madrid, the 
WWR should be 45 %. 
With bright interior surface, a spot 
further from the window could be 
exposed to the daylight with 
sufficient CS. However, with the 
dark interior surface, the regions 
that meet the threshold were 
approximately 4.3, 4.8, and f6.2 m 
of the window for the cases with 
WWR of 30.45, and 60 %, 
respectively. 

(continued on next page) 
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Table 5 (continued ) 

REF Objective Research setting Evaluation 
metrics 

Evaluated window properties Outcome 

0.3, wall: 0.88,ceiling: 0.88) 
Location: Beijing. China 

9:50 in the morning. Dark blue 
glazing does not provide the 
required CS level entire day. 
Self-report: there is no significant 
correlation between glazing color 
and alertness [F = 1.955, p-value =
0.07] 

[64] Evaluation of electric light and 
daylight performance 
simultaneously from circadian 
efficiency for regulation of 
luminous flux of electric 
lighting according to daylight 

Simulation (Daylight Visualizer) 
Type of room: (A 24/7 hospital 
laboratory 13 × 15*2.7 m3) 
Window: (north and south facing, 
Tvis: 0.78) surface reflectance: 
(floor: 0.2) 
Location: Seville, Spain. 
Cornea height: 1.55 m from ground 

CS 
Threshold: CS ≥
0.3 

WWR: 20 %, 30 %,40 % 
Distance from the window: grid 
of 1(perpendicular to window) *2 
(parallel to window) m2 

Orientation: north and south 

WWR_20 %: 
The north-facing window threshold 
met within the 1.1 m window 
during the summer. 
For the south-facing window, the 
distance increases roughly to 1.4 m. 
WWR_30 % 
North facing window area within 
the 2.5 and 3.8 m of the window 
provides demanded CS during the 
winter and summer, respectively. 
South facing window area within 
the 3 and 3.8 m of the window 
provides demanded CS during the 
winter and summer respectively. 
WWR_40 % 
North facing window area within 
the 2.8 and 4.1 m of the window 
provides demanded CS during the 
winter and summer, respectively. 
South facing window area within 
the 4.3 and 5 m of the window 
provides demanded CS during the 
winter and summer, respectively. 

[72] Evaluation of the impact of 
combination of different glazing 
types with interior wall call 
were evaluated 

In situ measurement with 
simulation (ALFA) 
Type of room: A typical office (3 ×
4*2.6 m3) 
Window: north orientated (1.4 ×
0.9m2, WWR:16 %), surface 
reflectance: (wall: ~0.75, ~0.5, 
~0.27 
Default: 0.87, 0.61) 
Location: Ljubljana, Slovenia 
Cornea height: 1.2 m above the 
ground 

CS 
EML 
RME 
Threshold: CS ≥
0.3, EML ≥ 200 

Tvis_ 0.8 (double clear panes), 
0.76 (Two clear glass panes, inner 
with low-e coating), 
0.46 (Three clear glass panes, 
inner and outer with low-e 
coating.), 
0.44 (Bronze tinted outer and 
clear inner glass pane), 
0.39 (Blue tinted outer and clear 
inner glass pane), 
0.25 (Dark blue tinted outer and 
clear inner glass pane), 
0.46 (Outer pane with solar 
protective spectrally selective 
coating and clear inner glass pane) 

Experiment: 
In general Dark blue tinted outer 
and clear inner glass pane provides 
higher RME, a combination of this 
window with a dark blue wall gives 
the highest ratio of RME = ~1.85 
The worst window is double pane 
glazing with one clear and one 
Bronze tinted glass pane, and the 
combination of this glazing with 
dark red wall provides the lowest 
RME = ~0.6 
The high value of RME is due to the 
low level of photopic illuminance, 
which for all scenarios was below 
875 lx. 
Simulation: 
The best scenario that met the CS 
threshold is a combination of 
double pane glazing with one clear 
and one low-e coated glass pane 
with Blue with 0.595 reflectance. 
The worst combination, which only 
provides CS > 0.3 from 9:00 to 
15:00, is Bronze tinted outer and 
clear inner glass pane with an 
orange wall with 0.564 reflectance. 
For EML metrics, the same 
combinations of wall and glazing 
presented a high and low level of 
EML; the difference is the duration 
of efficiency. For the worst 
combination in EML metric, the 
period is between 9:00 to 16:00 

[73] Assessment of indoor lighting 
(electric and daylight) of 
dementia unit to determination 
of illumination level provided 
by electric light 

In situ measurement_ 
Type of room: Living room in 
dementia unit of 15 dementia units 
(m3) 
Location: Norwegian 
Cornea height: 1.2 m above the 
floor 

m-EDI 
Threshold: m- 
EDI ≥ 217 lx 

Gaze direction: 360◦ on the 
horizontal plane with 90-degree 
intervals 

The median of m-EDI for summer is 
186, while it decreased to 98 during 
the winter. 
According to the fitted model, as a 
correlation between the gazing 
direction during the summer and 
winter, the gazing direction is 
statistically significant, and in case 
the gazing direction is toward to 
window increases the m-EDI level 

(continued on next page) 
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REF Objective Research setting Evaluation 
metrics 

Evaluated window properties Outcome 

by 0.85 times in comparison to in- 
ward gazing direction. However, 
during the winter gazing direction 
is not significant [F = 0.62, p-value 
= 0.106] 
Inward gazing: 2/15 of dementia 
units met the threshold during 
summer and none during the 
winter. 
Window- ward gazing: 6/15 during 
summer and 1/15 during winter 

[74] Evaluating the daylighting 
levels in apartments of 
Melbourne to distinguish the 
impact of legislations on indoor 
daylighting. 

In situ measurement & simulation 
(Revit) 
Type of room: bedrooms in 
dementia unit of 12 apartments 
(area arrange 6~9m2) 
Window: (WFR:30–100 % one 
bedroom had borrowed window 
WFR 44 % and for two bedrooms 0 
%) 
Location: Melbourne, Australia. 
Cornea height: 0.8 m from ground 

EML 
Threshold: EML 
≥ 250 

Orientation: north, west, east, 
north-east, north-west, south-east, 
and south-west 
Distance from window: no 
actual size, two spots, one close to 
window and the other one is the 
farthest corner from window, 
considered for measurement. 
**Estimated range for distant 
point is (3.6–4.2 m) 

For all cases, the threshold is met by 
the spots close to the window 
except for the case with a borrowed 
window. 
Spots that met the thresholds were: 
Two west-oriented windows_ with 
WFR of 37.5 % and 33 % and two 
southwest-oriented windows with 
WFR of 62.5 % and 100 % 

[75] Assessment of the electric and 
daylight on the circadian health 

In situ measurement 
Type of room: classroom in a 
university 
Window: (west-oriented, Tvis: 
0.68) surface reflectance: (floor: 
0.75, wall: 0.89, 
ceiling: 0.94) 
Location: Naples, Italy. 

Melatonin 
suppression index 

Gaze direction in vertical plane: 
0◦ facing board, 15◦ tilted head 
toward desk, and 45 ◦ tilted head 
toward desk. 
Distance from window_ no exact 
data about the distance, according 
to shared layout plan, three seats 
(A, B,C) are approximately in the 
same line within the distance 
approximately ~2 m seat A facing 
the wall in its outward gazing 
direction, seat B facing edge of 
window while gazing outward, 
and seat C completely facing 
window with outward gazing. Seat 
D has closer distance to window 
approximately (~1.5 m from 
window) and its gazing direction 
is like seat B. 

Melatonin suppression ranges 
between 0 and 57 %. Seat D has an 
overall higher percentage of 
melatonin suppression. Among 
three seats A, B, and C, seat A has 
the highest rate relative to the other 
two seats under the clear sky, 
Under an overcast sky, the range is 
between 1 and 53 %. Again, seat D 
has a better condition in 
comparison to other seats. 
By tilting the head toward the desk, 
the percentage of suppression 
decreases. 

[65] Developing a circadian lighting 
guideline for home design 

Simulation (DAYSIM) 
Type of room: an average unit 
modeled identical to 20 units 
measured and surveyed (3.7 ×
6.2*3 m3) 
Window: (south and north 
orientated, 0.8 × 1.4 m2) surface 
reflectance: (wall: 0.2–0.8) 
Location: Boston, USA. 

DA 
Threshold: 190 
lux 

Gaze direction: 360◦ on the 
horizontal plane with 45-degree 
intervals 
Distance from window: 
1.8–5.4 m 
Window orientation: south and 
north orientated. 

Gazing direction_ highest value was 
for direction toward window by 
~66 %, the second and third 
highest values are for direction 
toward right and left respectively. 
Lowest is toward left-away by 20 % 
Distance from window_ 
Distance from window is more 
effective when the occupant facing 
toward the window, in the case 
occupant facing away the window, 
more than distance, interior wall 
reflectance is effective in the level 
DA. 
For south facing windows, by 
increasing the interior surface 
reflectance from 0.2 to 0.8, daylight 
autonomy increases from 26.4 % to 
41.5 % 
For north facing windows, by 
increases of interior surface 
reflectance to 0.8, daylight 
autonomy raises from 22.5 % to 
72.5 % 

[86] Developing a circadian metric 
of daylight for virtual observer 

In situ measurement (CLLS) and 
simulation (DAYSIM) 
Type of room: (test room (~4.5 ×
3.04 m2) with two camera, C1 
within the 1.37 m of window facing 
parallel the window, second camera 
C2 within the 4.17 of window and 
facing toward the window.) 
Window: (south facing, double 
glazed insulated, 

Circadian 
weighted 
irradiance (Eec) 
(W/m2) 

Distance from window: 1,2,3& 
4 m from window 
Gaze direction: parallel and 
perpendicular to window 
Different shading system: 
(Venetian blinds) and OLS 
(Optical louver system) 

VB: for the case facing parallel to 
window direction, within the close 
distance to window higher Eec 
measured it gets a peak at 13:00, 
which is approximately 0.4 
The case facing perpendicular to the 
window spot within the 2 and 3 m of 
the window captured the same Eec 
after 13:00 when spot 3 achieved 
the highest level of ~0.7. 

(continued on next page) 
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Table 5 (continued ) 

REF Objective Research setting Evaluation 
metrics 

Evaluated window properties Outcome 

[82] Evaluating the impact of the EC 
glazing on the sleep quality and 
productivity 

Interventional human subject study 
Participants: (30 participants 
(36.66 % Female and 63.33 % Male 
Age range 21–65 (average: 34 
years)) 
Type of room: West facing room 
Window: (window with blind: glass 
with Tvis 0.58 covered 75 % by a 
fabric roller shades with 0.015 Tvis 
EC window: Tvis of 0.58 downs to 
0.005) 

CS 
EML 

Tvis 
Gaze direction: perpendicular 
and parallel to window 

Average of CS: 
Case with EC glazing_ 0.42 
Case with window and blind_ 0.05 
Average of EML of the case_ facing 
north 
EC glazing_ 143 
Window and blind_ 18.3 facing 
south 
EC glazing_ 151 
Window and blind_ 20.7 facing west 
EC glazing_ 316 
Window and blind_ 40.6 
In the fitted linear model, the EC 
glazing was evaluated as 
statistically significant on sleep 
duration. Participants in the office 
with EC had an increase of 19.7min 
in sleep duration, while in the room 
with blind, the sleep duration 
decreased by 14min from the 
baseline. 

[66] Developing approach for 
simulating and analyzing 
photopic and circadian 
illuminance of daylight 

Simulation (ALFA) 
Type of room: (an office 12.2 ×
21.3*3.1m2). 
Window: (south facing, WWR:40 % 
Tvis: 0.7) surface reflectance: 
(floor: 0.38, wall: 0.81, 
ceiling: 0.82) 
Location: Seattle, USA. 
Cornea height: 1.2 m above the 
ground 

EML 
Threshold: EML 
≥ 240 

Gaze direction: 360◦ on the 
horizontal plane with 45-degree 
intervals 
Distance from window: grid 0.6 
× 0.6 m2 with 1 m offset from 
walls. 
Window’s head height with 
fixed WWR_ 2.1 m and 2.7 m 
Window orientation: north, east, 
west, south. 
Shading system: overhang with 
1.4 m depth, horizontal blinds 10 
cm depth and 3.75 space, 
EC with Tvis 0.18 and 0.06 

The depth of the region that meets 
the threshold for gaze direction 
toward the window, parallel to the 
window, and away from the 
window was 21 m, 12 m, and 7 m, 
respectively. 
Window’s head height with fixed 
WWR: penetration depth increased 
by 2.6 m, 1.5 m, and 0.9 m per 0.3 m 
of additional head height for gazing 
toward, parallel to, and away from 
the window. The effect of this 
parameter is distinguished as 
insignificant in comparison to other 
factors. 
Changing orientation toward the 
north decreases the penetration 
depth of circadian light by 14.6 m. 
The variance between north, east, 
and west orientation is 1.8 m. 
Shading system: 
Overhang: reduced penetration 
depth by 1.5 m 
Horizontal blinds: reduced 
penetration depth by 0.3 m 
EC_0.18: reduction of penetration 
depth to 7.6 m. 
EC_0.06: reduction of penetration 
depth to 3.3 m 

[87] Assessment of the PDLC 
window performance from 
visual, thermal, and circadian 
perspective 

In situ measurement 
Type of room: (A test cell, 4 ×
4*2.3m3). 
Window_ PDLC, west oriented, 
WWR: (1.3 × 1.3m3) 
Location: MIT-Manipal, India. 
Cornea height: 1.2 m above the 
ground 

CS 
Threshold: CS ≥
0.3, for 2 h during 
the daytime 

Tvis The maximum variation of CS 
between the opaque and clear states 
of the glass was 0.1. 
During the experiment duration, 
the CS level was above the 
threshold. During the early times of 
the day, CS was 0.4, reaching 0.6 at 
16:00; this increment is due to the 
window orientation. 

[67] Analyzing the impact of the 
daylight variation of the 
circadian light 

Simulation (ALFA) 
Type of room: (An office 4.3 ×
6.2*2.6m3). 
Window: (Two glass with 1.2 ×
0.76 m2 

Tvis: 0.78) surface reflectance: 
(floor: 0.38, wall: 0.8, 
ceiling: 0.82) 
Location: Copenhagen, Denmark. 
Cornea height: 1.2 m 

m-EDI 
Threshold: m- 
EDI ≥ 250, for 2 h 
during the 
daytime 

Window orientation: south, 
west, east, north 

During the autumn, spring, and 
winter, the threshold was met in all 
directions, but during the winter, 
only during noon and under the 
clear sky, the m-EDI was above the 
threshold for all four directions, at 
15:00 under the clear sky, the m- 
EDI for case window west oriented, 
is above the threshold 

[84] Analyzing various case of 
lighting and corresponding 
impact on circadian light. 

In situ measurement and simulation 
(DIALUX EVO) 
Type of room: (an open plan office 
for simulation. A test room for 
experiment (4 × 4*2.3m3)) 
Window_ clear north and west 

CS 
Threshold: CS ≥
250, for 2 h during 
the daytime 

Shading system 
Gaze direction: 360◦ on the 
horizontal plane with 45-degree 
intervals 
Distance from window: venetian 
blinds 

Attachment of the shading system 
does not impact the level of CS, and 
in all cases at different seasonal 
conditions, the CS was above 0.3 
during the day hours. The occupant 
gazing window ward had a high Ev 

(continued on next page) 
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