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Abstract 
The employment of electrochromic glazing can be a solution to balance circadian lighting and avoid glare. This can be achieved by 
controlling daylight entering the room and may be useful within the context of highly glazed facades in buildings in hot climates. 
Nevertheless, the use of this technology is rarely discussed in this context. In this regard, the aim of this study is to investigate the 
electrochromic glazing for the lighting conditions, including visual and non-visual effects within the luminous context of Brasilia, Brazil. 
The method consisted of computer simulations of a representative highly glazed non-residential room with the comparison of 
electrochromic glazing and conventional clear glass. Climate Studio was used to evaluate the visual effects of light for the entire year, 
and ALFA for the evaluation of melanopic daylight illuminance, vertical illuminance, and melanopic daylight efficacy ratio (mel-DER) 
in four days, including two solstices and two equinoxes encompassing the beginning of the four seasons. Results for the electrochromic 
glazing showed a better balance between a minimum threshold of 250 lux of mel-EDI without exceeding 1,500 lux of vertical 
illuminance in comparison with the clear glass. This was achieved in 33.33% of the hours for the north, against 27.78% of the hours for 
the east, 29.17% for the west, and 24.72% for the south. For the clear glass, this balance was achieved in only 9.17% of the hours for 
north, 10.28% for east, 12.22% for west, and 15% for south. Regarding the spectrum, higher results of melanopic daylight efficacy ratio 
were observed for the clear glass over the four simulated days. The main conclusion was that the electrochromic glazing was capable of 
providing a better balance between visual and non-visual requirements and can be a suitable solution for highly glazed facades in Brasilia. 
Nevertheless, particularly for the north orientation, the supply of circadian lighting can be jeopardized when the electrochromic glazing 
remained at the dark state. 

© 2024 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license 
(https://creativecommons.org/licenses/by/4.0/). 

 

1. Introduction
Windows, whose main component is the glass, are responsible for 
important attributes related to the user’s well-being, such as the 
presence of natural light and a view of the outside, with visual and 
non-visual effects related to the circadian cycle [1]. In this regard, 
the employment of innovative transparent and translucent 
materials on facades allows the maximization of daylight and the 
supply of circadian lighting [2]. In this context, innovative 
materials, such as smart windows, can help maximize daylight in 
the built environment and simultaneously can filter unwanted solar 
radiation, protecting users from glare [3,4]. Smart windows are 
those that present phase change properties – which, considering 
the luminous comfort, are characteristic of controlling the light 
transmittance [5]. 

One well-known technology of smart windows is 
electrochromic glazing, which is composed of a transparent 
electrolyte layer, e.g., a conducting polymer or an inorganic ionic 
conductor and two other layers of transparent polyester. This 
conducting element is in the center and joins two nanoporous 
oxide films, typically tungsten oxide (WO2) and nickel oxide 
(NiO). This pile of three layers functions as electric transparent 
batteries with different optical absorption depending on electrical 
charges. The application of a small voltage in between the two 
transparent conductors, typically a few volts, charges the load 
between the tungsten oxide (WO2) and the nickel oxide (NiO). The 
optical properties can be unaltered – dark, bleached or 
intermediary, which allows highly energy-efficient operations. 
The optical changes are gradual and take place at a rate that 
depends on the size of the device. An area of a few square 
centimeters may darken and bleach in seconds, whereas the 
response time can be tens of minutes for large glazing [6]. This 
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technology offers the advantage of controlling the properties of the 
visible transmittance. Therefore, the amount of visible radiation 
can be controlled [7,8]. Figure 1 illustrates the visible transmission 
and solar heating gain coefficient (SHGC) for each operational 
state of the electrochromic glazing [9,10].  

Since its development, many questions arise concerning the 
luminous performance and user acceptability of electrochromic 
glazing in built environments, particularly in non-residential 
buildings. A major drawback of using electrochromic glazing is 
the reduced visible transmittance in its “dark” state, and this aspect 
has been discussed in two studies. Day et al. [11] identified 
through the evaluation of 1,068 questionnaires in three big 
commercial buildings criticisms coming from the users in the 
rooms with the electrochromic glazing because they were under 
constant darkness, and the light transmission was reduced to 
approximately 1%. In this regard, the electrochromic glazing was 
installed for the purpose of energy efficiency, ignoring the users’ 
subjective needs and acceptability of this technology. 
Additionally, Lee et al. [12] reinforced that the current generation 
of electrochromic windows sacrifices some aspects of view and 
daylight quality to manage energy and glare through the reduction 
of visible transmittance from 60% to 1%. Here, spectral 
transmission is also of concern, but since the tint varies, the hours 
of operation of these windows in each optical state will also need 
to be considered. So, in effect, it will be possible to determine if, 
for example, the technologies of electrochromic glazing and other 
smart windows can provide adequate access to daylight, view to 
the outside and adequate circadian lighting. 

The quantification of daylight is a challenge because it presents 
constant variations in intensity, color temperature and sky 
conditions. At the same time, daylight provides a positive 
influence when compared to artificial lighting because it has a 
positive influence on non-visual effects, such as circadian lighting 
[13]. More recently, many studies have identified two pathways of 
light from the stimulus to the physiological responses on the 
human body, which are received from our eyes and processed in 
the human body. They include visual and non-visual effects of 
light, and both aspects must be considered [14]. Visual effects 
include the luminous characterization of the space and can be 
evaluated through luminance values in the vertical field of view, 
illuminance distribution, evaluation of glare, etc. Non-visual 
effects include the circadian stimulus, and it is evaluated based on 
the spectral power distribution in the eye. These are important 
elements to understand the physiological responses of light in 
humans, specifically when the luminous performance of the 
electrochromic glazing is assessed [15,16]. The following section 
is dedicated to the description of studies about electrochromic 
glazing and the luminous characterization of indoor spaces 
regarding the visual and non-visual effects of light. 
 
1.1. Electrochromic glazing and luminous characterization of 
indoor spaces 
At first, studies were directed at understanding the luminous 
distribution provided by the employment of the electrochromic 
glazing on the façade. The efforts of researchers and 
manufacturers have resulted in a continuous improvement of 
electrochromic devices’ performance. Wu et al. [17] conducted 
experiments in a full-scale testbed, with dimensions of 2 m × 4.5 
m × 3.3 m and a WWR of 64%, to demonstrate the daylighting 
performance under various sky conditions. The electrochromic 
glazing used in the study had four states of luminous 
transmittance: 60% (clear), 18% (tint light), 6% (medium tint), and 
1% (full tint). The testbed was built in Berkeley, CA – United 
States (37° N/122° W). Experimental results showed that in 83% 
of the working time, the illuminance values for the work plane 
were constrained in comfort range, between 500 lux and 2,000 lux, 
and daylight glare probability was lower than 35% under clear 
skies. The results indicated that a balance between illuminance 
values on the work plane and mitigation of glare was possible to 
be achieved. 

Nomenclature 
EC Electrochromic 
DA Daylight autonomy 
sDA Spatial Daylight autonomy 
UDI Useful daylight illuminance 
DGP Daylight glare probability 
Ev Vertical illuminance 
EML Equivalent melanopic lux 
Mel-EDI Melanopic equivalent daylight illuminance 
WWR Window-Wall-Ratio 
Tvis Visible transmittance 
M/P ratio Melanopic/photopic ratio 
Mel-DER Melanopic daylight efficacy ratio  

 
 
Fig. 1. Visible light transmission and solar heating gain coefficient for each operational state of the electrochromic glazing. 
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Jain, Karmann, and Wienold [18] evaluated the performance of 
the electrochromic glazing in minimizing discomfort glare in a 
controlled user assessment setup and the performance in relation 
to glare in the user’s field of view, including the daylight glare 
probability (DGP). The experiments were conducted in a test room 
located on the EPFL campus in Lausanne, Switzerland (46° 
N/6°E) in a room 6.55 m deep, 3.05 m wide, and 2.65 m high. The 
test room was oriented to the south with a window-wall-ratio of 
62%. Results from the subjective evaluation indicated that a sun 
disk luminance of around 5 million cd/m² (visible transmittance of 
0.6%) was sufficient to control glare when the sun was in the 
peripheral field of view of the participant whereas the same was 
not applicable in critical viewing direction (e.g., sun position 
within 30° cone around the fovea). Based on the subjective 
assessment of glare according to the sun disk illuminances, 
thresholds of discomfort due to glare were determined when the 
electrochromic glazing was found in the dark state. A threshold of 
1,180 lux of vertical illuminance corresponded to a DGP of 40%, 
and 1,213 lux of vertical illuminance corresponded to a DGP of 
43%. 

These two studies indicated that the electrochromic glazing was 
able to balance illuminance levels on the vertical field of view and, 
at the same time, mitigate glare. Nevertheless, non-visual effects 
of light were not considered in their assessment. This issue was 
discussed later, but only under specific dates, seasons and 
locations at higher latitudes. 

Regarding the non-visual effects of light, Boubekri et al. 
explored the impact of optimized daylight and views on the sleep 
and cognitive performance of thirty office workers in the Durham 
ID Building in Durham, North Carolina, U.S. (35° North/78° 
West). They spent one week working, from Monday to Friday, 
from 8 a.m. to 6 p.m. in each of the two office environments with 
identical layouts, furnishings, and orientations in November. 
However, one was outfitted with electrochromic glazing and the 
other with traditional blinds, producing lighting conditions of 40.6 
and 316 equivalent melanopic lux, respectively. Participants slept 
37 minutes longer and performed better in cognitive performance 
tests when exposed to optimized daylight and views during the 
day, with higher circadian lighting, which could be provided by 
the electrochromic glazing and not provided by the traditional 
blinds [19]. 

Saiedlue et al. carried out computer simulations in the software 
ALFA, Adaptive Lighting for Alertness, in a side-lit open plan 
office space located in Minneapolis, United States (44° North/93° 
West). Equivalent melanopic lux over 12 hours on March 21 with 
three zones, near (A), in the middle (B), and distant from the 
window (C). Three glazing systems were also evaluated: double 
glazing, with visible transmittance of 63%, and electrochromic 
glazing, with two zones and three zones. The software ALFA was 
used to measure the glazing performance at eye level in office 
spaces. In zone A, all glazing systems provided melanopic lux 
levels above 200 EML in all time periods and in all view 
directions. Electrochromic glazing with three zones provided 200 
EML or higher and provided an acceptable photopic illuminance 
range between 7 a.m. and 5 p.m. in view direction facing the 
window (45°- 135°) in zone B. Zone C provided 200 EML or 
higher between 7 a.m. and 8 a.m. and between 3 p.m. and 5 p.m. 
in view direction facing the window (22.5°- 157°). Findings 
showed that the electrochromic glazing with three zones provided 
the best performance in creating the balance among the new 

metrics (i.e., Equivalent Melanopic Lux – EML and Photopic 
Illuminance on a vertical plane at eye level) [20]. 

Based on the literature review, it was possible to verify that 
there are few studies about the evaluation of electrochromic 
glazing regarding visual and non-visual effects. They are still 
constrained to a limited period, from two days to a week, only in 
two different locations within the United States. Different seasons, 
hours, and latitudes must be considered. The next section is 
dedicated to the discussion of glazed facades in the context of non-
residential buildings in Brazil. 
 
1.2. Glazed façades: Brazilian context of non-residential buildings 
and potentiality of the electrochromic glazing 
In Brazil, there are really few studies regarding the employment 
of electrochromic glazing [21-23]. When well-designed, 
electrochromic glazing control can improve the energy 
performance of buildings and the visual comfort of occupants in 
highly glazed buildings [17]. Its employment on facades has a 
great potential to mitigate glare and to provide circadian lighting 
[18,19]. Considering the Brazilian context of non-residential 
buildings, the most important aspect to be considered is the 
dominant economic formula, which “governs the production of a 
conventional office building characterized by the following 
factors: the largest possible internal usable area in relation to the 
total built-up area and the smallest façade area for the largest office 
plan area and the use of the fully glazed façade” [24]. 

This solution of highly glazed façades has been replicated in 
large cities, such as Sao Paulo, Belo Horizonte, and Brasilia. 
Studies reported problems related to glare, excess light on working 
surfaces, and an increase in energy consumption for lighting due 
to the incidence of direct sunlight inside the working environment 
[25–29]. Moreover, the use of clear glass was also identified on 
facades in Brasilia and Sao Paulo in modernist buildings, mostly 
built between the 1960s and 1970s [24,27,30]. To mitigate 
problems related to glare and overheating, reflective glasses have 
been employed since the 2000s, but this was not sufficient to 
entirely solve these issues [31]. Lima and Caram [32] evaluated 
the performance of three glasses with different visible 
transmissions, reflective (14%), grey (51%), and colorless (81%) 
in a highly glazed office environment with WWR of 75% 
regarding useful daylight illuminance. It was observed that solar 
control using shading devices presented substantially better results 
than solar control by reducing the transmission of solar radiation 
by the glass. 

Geraldi et al. [33] provided a pioneering, top-down analysis of 
the non-residential building stock in Brazil. A country-wide 
dataset was used, comprising 10,000 buildings divided into 12 
typologies that included office and non-residential buildings. Key 
indicators included floor area, energy use intensity, and operation 
patterns. These data included the window-to-wall ratio (WWR) 
among the typologies of buildings. Among the evaluation of 2,400 
office buildings analyzed, almost 20% of them had more than 76% 
of WWR. This also corroborated that the use of glazed façades in 
this typology of buildings was frequent. 

A balance and categorization were made considering research 
developed about daylight in buildings in Brazil. This 
categorization included the most important conferences and 
journals in the country. Among the issues discussed, it was pointed 
out that topics related to the non-visual effects of light and the 
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possibility of using innovative transparent and translucent 
materials, which included electrochromic glazing, must be further 
researched in hot climates and lower latitudes. They can be used 
as solutions to the problems arising from the intense use of highly 
glazed façades [23]. It is still unclear, therefore, how the 
employment of these materials affects circadian lighting within the 
Brazilian climatic context and if a balance can be achieved in a 
different context outside higher latitude places, mainly below 30º 
and in different luminous and climatic contexts [22]. 

Particularly in Brasilia, almost half of the buildings were built 
between the 1970s and 1980s, and many are being retrofitted. 
Through the evaluation of 267 buildings, sun shading devices were 
not identified in 67% of the facades. This reinforced the 
understanding that in many cases, the solution of employing 
reflective glasses is adopted instead of the use of sunshades on the 
facades, and in some cases, the sunshades were replaced by 
reflective glasses [34]. The use of highly glazed facades may cause 
problems regarding glare, overheating, and visual discomfort [35].  

In this context, questions arise regarding the potentiality of the 
electrochromic glazing. There are still few research that 
simultaneously focus on the luminous performance of 
electrochromic glazing regarding these three aspects of daylight: 
quantification of daylight, glare mitigation, and supply of 
circadian lighting. Another issue is about the performance of the 
electrochromic glazing on façades compared to conventional 
glasses used in non-residential buildings in Brazil. Particularly in 
Brasilia, there are buildings that are over forty years old and are 
being retrofitted with conventional glass, including clear glass. In 
many cases, the solar protections are being removed. In this 
regard, electrochromic glazing can be a suitable solution to 
mitigate problems related to glare and excess light and to provide 
circadian lighting. 

Therefore, the aim of this study is to investigate electrochromic 
glazing for the lighting conditions, including visual and non-visual 
effects in a highly glazed non-residential room in Brasilia (15° 
S/47° W). The specific aim is to discuss under which conditions 
the electrochromic glazing was more effective in balancing visual 
and non-visual effects regarding solar orientation, north, south, 
east, and west. The second aim is to compare the luminous 
performance of the electrochromic glazing with conventional clear 
glass. 

 
2. Method 
The method consisted of computer simulations of a non-residential 
room in Brasilia (15° S/47° W). The Smart Glass Insulated Unit 
technology with a layer of electrochromic coating was used as a 
glazing system. This technology was chosen because it was 
available on the market, and its optical properties were taken from 
the International Glazing Database [9,10]. As a means of 
comparing electrochromic glazing to a conventional technology 
used in non-residential buildings in Brasilia, clear glass was 
selected. The properties are described in section 2.2. In Fig. 2, the 
location of Brasilia and the sun-path diagram is shown. 

At first, the non-residential test room was modelled in the 
software Rhinoceros, v.7 with its geometry [36]. Then, the 
electrochromic glazing’s optical properties were inserted, and the 
first round of simulations was carried out in Climate Studio, v. 1.9, 
to simulate the visual effects of light with the evaluation of Spatial 
Daylight Autonomy (sDA), Useful Daylight Illuminance (UDI), 
and Annual Glare, Daylight Glare Probability (DGP) [37]. The 
climate file used was of Brasilia in the EPW format of 2018 
[38,39]. 

The software ALFA will be used to simulate the non-visual 
effects. ALFA, Adaptive Lighting for Alertness, is a spectral 
raytracing software that utilizes 81-color channels to approximate 
the spectral variations as opposed to traditional 3-color channels 
(RGB). Spectral properties of the skies for clear, hazy, overcast, 
and heavy overcast cover conditions are generated using a 
radiative transfer library (libRadtran). Material properties are also 
modeled with high spectral resolution derived from 
spectrophotometric measurements [40]. 

Bellia et al. [42] studied the accuracy and applicability of the 
software ALFA. For the purpose of evaluating non-visual effects, 
two different approaches, based on the use of ALFA and DIALux, 
were described, validated against on-field measurements, and 
compared. Spectral irradiance was measured at the work plane and 
at the eye in a test room where the walls’ finishes and the 
luminaires’ spectrum were changed, obtaining 21 scenarios. When 
the test room was simulated using the two methods, acceptable 
results were obtained for horizontal illuminance, with percentage 
errors within the range of approximately 10%, whereas for the 
vertical plane, errors depend on the software and the lighting 

 
Fig. 2. Location of Brasilia and sun-path diagram in Analysis Sol-Ar v. 6.2 [41]. 
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scenario. Overall, the simulations in ALFA performed better than 
in DIALux, but it gave percentage errors trespassing more or less 
10% in 38.10% and 52.38% of the scenes in estimating circadian 
stimulus and melanopic illuminance, respectively. Additionally, 
Inanici, Abboushi, and Safranek [43] provided an evaluation of the 
existing spectral sky models in lighting simulation software. They 
highlighted the advantage that ALFA can be calculated for 
different locations and times but reported similar problems related 
to the trespassing of melanopic and photopic illuminances of the 
sky in 17%. On the other hand, variations to calculate correlated 
color temperature and light spectrum are minimal. In conclusion, 
both studies pointed out variations of the software ALFA to 
predict melanopic illuminances in 10% and 17%, but also 
emphasized accuracy in calculating the light spectrum. 

Consequently, the second round of simulations was carried out 
in ALFA, and vertical illuminance and units of Equivalent 
Melanopic Lux (EML) were generated [44]. Based on the CIE 
standard S026/E:2018 [45], the units of EML were converted to 
mel-EDI with units in lux. Mel-EDI is a scalar multiplier of 
melanopic lux (EML), and mel-EDI can be easily obtained by 
multiplying by 0.9058 the value of the melanopic illuminance 
calculated according to the method proposed by Lucas et al. 
[42,46,47]. As a consequence, the units reported in this study will 
be the mel-EDI. Finally, the data were analyzed and discussed. 
The method structure is illustrated in Fig. 3. 

The details are further explained in the following sections. In 
section 2.1, the luminous context of Brasilia is briefly described. 

In section 2.2, the simulation model is presented, and in sections 
2.3 and 2.4, the simulation workflow and parameters are 
described. In section 2.5, the statistical and data analysis are 
reported. 
 
2.1. Climate of Brasilia and climate file data extraction 
According to data from the National Institute of Meteorology 
[38,48], the climate of Brasilia (15° 7’ south/47° 9’ west) presents 
two distinct seasons: 
1. Warm and humid season: rainy summer from October to 

April with predominance of partly cloudy sky. 
2. Warm and dry season: dry winter from May to September 

with conditions of clear sky, particularly between July and 
September. 

To understand the luminous context, the climate file 
Brasilia.epw of 2018 was opened in Climate Consultant v. 6.0 
[49], and the data were filtered and opened as .csv file. In it, the 
data on global and direct illumination, radiation, and sky cover 
were presented in the form of graphics. The results described in 
this section were extracted from the climate file 
BRASILIA_2018.epw and were used in the simulations in 
Climate Studio. According to the results, the daily average of 
global horizontal illumination for the climate of Brasilia per month 
ranges from 36,000 lux in November, during the rainy season, and 
in April to 52,000 lux, as illustrated in Fig. 4. 

 
Fig. 3. Method structure. 
 

 
Fig. 4. Daily average of global horizontal illumination in Brasilia in 2018 – extracted from climate file [38]. 
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Figure 5 shows the daily average sky cover in Brasilia. Between 
October and April, the sky cover is higher, with daily averages 
greater than 50%. At this period, the sky is normally partly cloudy 
and overcast. During the dry season, from May to September, the 
sky is usually partly cloudy. The sky cover is, on average, lower 
than 40% in July, August and September. In April, May, June and 
October, the sky cover remains between 50% and 60%. 

It is illustrated in Fig. 6 the daily average direct and diffuse 
horizontal radiation in Brasilia per month, with ranges between 
479 Wh/m² in January and 338 Wh/m² in November. The presence 
of direct radiation is greater than 100 Wh/m² during the entire year. 
Due to the variations in the global illuminations, sky cover, and 
solar radiation for the climate of Brasilia, the simulations in ALFA 
considered four days, two solstices, and two equinoxes 
representing the beginning of each season. 

 
2.2. Simulation model, parameters, and variables 
The simulated model was a representative highly glazed non-
residential room with dimensions of 3.48 m wide, 6.03 m long, 
and 3.00 m high, with WWR of 85%, as described in Fig. 7. This 

model represented a generic office space within the Brazilian 
context, and its dimensions were based on the studies of Amorim 
et al. [50], Cavaleri, Cunha, and Gonçalves [26], and Sarra and 
Mühlfart [27]. The walls, floor, and roof were modeled using the 
command “box,” inserting the already described dimensions, with 
a width of 0.15 m. The surfaces corresponding to the floor, ceiling, 
and window were modeled using the command “_SrfPt.”  

It is important to mention that the surface corresponding to the 
window had to be modeled and directed to the outside. To verify 
if this condition was fulfilled, the command “dir” was used. These 
were the tools and commands used to model the simulated room. 
It is shown in Fig. 7 the dimensions of the simulated non-
residential room. The Smart Glass Insulated Unit has a visible 
light transmittance of 62.1% (clear state), 41% (light tint), 5.4% 
(medium tint), and 1.1% (fully tinted state) [9]. The clear glass has 
a visible transmittance of 88% [9]. The occupation was during 
working hours, between 8 a.m. and 6 p.m. [33,51]. 

Reflectance values were chosen following the recommendations 
of the Brazilian National Standard NBR 8995 (2013) [52], which 
were between 60% and 90% for the ceiling, 30% and 80% for the 
walls, 20% and 60% for the work environment and 10% and 50% 

 
Fig. 5. Daily average of sky cover in Brasilia – extracted from climate file [38]. 
 

 
Fig. 6. Direct and diffuse horizontal radiation in Brasilia – extracted from climate file [38]. 
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for the floor. Table 1 shows the optical properties of the simulated 
materials, with the photopic and melanopic reflectance values for 
the opaque materials and visible transmittances for each state of 
the electrochromic glazing. The third column presents the 
melanopic/photopic ratio for each material [53]. 

Additionally, Table 2 describes the simulation parameters with 
recommendations from the existing literature. For the simulations 
in ALFA, the ground albedo was configured at 15%, simulating a 
generic urban environment as recommended by Martins [54]. 

Visual and non-visual effects of light were evaluated. The 
intention was to evaluate the balance between minimum 
requirements, such as minimum horizontal illuminance and 
circadian lighting with excess light, evaluating glare. To do so, 
nine sensors were chosen for analysis of daylight following the 
recommendations of the Brazilian Standard, ABNT NBR 15215 – 
4 (2023) [57]. The sensor grid was positioned 0.75 m above the 
floor. For the assessment of glare, vertical illuminance, and non-
visual effects, the sensors were placed at eye level, 1.20 m above 
the floor, and all sensors were placed facing the window, with a 
view angle to the front. 

The simulated variables were four solar orientations north, 
south, east, and west, nine sensors to assess the distribution of light 
across the room, and the third variable was the glazing material, 
electrochromic glazing, and the clear glass. The position of the 
sensors can be seen in Fig. 8. The sensors were named P1 to P9 
and located in three zones, which were considered according to the 

room depth. P1, P2, and P3 were located in zone A, which was 
close to the window, at a distance of 0.50 m; P4, P5, and P6, in the 
middle (zone B), 3 m far from the window; and P7, P8, and P9 far 
from the window (zone C), at a distance of 5.5 m from the window. 
This reference to zones was based on the study of Saiedlue et al. 
[20]. All nine analysis sensors were spaced 2.5 m from each other 
over the room’s depth and 1.25 m over its width. 
 
2.3. Assessment criteria for visual and non-visual effects of light 
To assess visual effects of light, three criteria were used. For 
illuminance levels, spatial daylight autonomy was considered with 
a minimum level of 300 lux in at least 50% of the space in 50% of 
the hours [58,59]. Useful daylight autonomy (UDI) was also 
considered in the simulations, with an interval between 100 and 
3,000 lux [60]. The third criterion was the Daylight Glare 
Probability, which was divided into four categories: perceived 
(DGP ≤ 35%), perceived but mostly not disturbing (35% < DGP ≤ 
40%), perceived and often disturbing (40% < DGP ≤ 45%) and 
intolerable (DGP ≥ 45%) [61,62]. 

To assess the circadian lighting during a cycle of working hours, 
from 8 a.m. to 6 p.m., a minimum of 250 lux of mel-EDI 
(melanopic equivalent daylight illuminance) was considered, with 
a recommendation of the full daylight period on the user’s vertical 
field of view at the height of 1.20 m [63-66]. To evaluate 
discomfort due to glare, the maximum value of 1,500 lux of 

 
Fig. 7. Plan of the simulated non-residential room. 
 
Table 1. Optical properties of the simulated materials. 

Material Photopic Reflectance Melanopic Reflectance M/P Reference 

White ceiling 84% 78.4% 0.93 

[44,52] Wall 63.4% 58.3% 0.92 
Floor 23% 21.9% 0.95 
Electrochromic glazing – Smart Glass 
Unit 

Photopic transmittance  Melanopic transmittance M/P  

Tvis 0 – Clear state 62.1% 55.7% 0.90 

[9,44] 
Tvis 1 – Light tint state 41% 37.4% 0.91 
Tvis 2 – Medium tint state 5.4% 7.0% 1.28 
Tvis 3 – Fully tint (dark) state 1.1% 1.8% 1.65 
Clear glass Photopic transmittance Melanopic transmittance M/P  
Clear glass 6 mm 88.3% 89.0% 1.01 [9] 
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vertical illuminance was considered based on the studies of 
Karslen et al. [67] and Jain, Karmann, and Wienold [18]. 

M/P ratio represents the ratio between the melanopic and 
photopic illuminance produced by light sources of a given spectral 
power distribution [68,69]. Melanopic daylight efficacy ratio 
(mel-DER) is the ratio of a test source’s melanopic efficacy of 
luminous radiation to the melanopic efficacy of luminous radiation 
of CIE Standard Daylight D65. Melanopic DER is unitless, with 
the value 1 corresponding to the light source of D65 [45,70]. In 
the simulated room, mel-DER was calculated considering the two 
solstices and the two equinoxes from 8:00 a.m. to 6 p.m., totalizing 
40 hours for each solar orientation, north, east, south, and west for 
each sensor, P1 to P9. The intention was to verify the melanopic 
efficacy of the light received in the sensors. The idea was to 
compare and categorize it among the common illuminants CIE 
Fluorescent FL 12 (3000 K), CIE Fluorescent FL 11 (4000 K), 
Standard Illuminant D55 (Daylight 5500 K), and CIE Standard 
Illuminant D65 (Daylight 6500 K), with the corresponding mel-
DER to 0.404, 0.562, 0.904 and 1 respectively [45]. After the 
discussion of the assessment criteria for the simulations, the 
simulation workflow in Climate Studio and ALFA is presented in 
the following section. 
 
2.4. Simulation workflow in Climate Studio and in ALFA 
As discussed in section 1, electrochromic glazing is dynamic and 
can be controlled according to the variations of daylight, such as 
seasonal variations, sky conditions, the incidence of solar 
radiation, etc [5,7,17]. Therefore, it was necessary to create two 
workflows for the assessment of the performance of the evaluated 

electrochromic glazing regarding visual and non-visual effects. 
One was created for Climate Studio, and the other for ALFA. 

In Climate Studio, the materials were configured as described in 
section 2.2, and the climate file containing the data for Brasilia 
was inserted to consider daily and seasonal variations in the sky 
[37]. The simulation workflow is illustrated in Fig. 9. 

The shading schedule of the electrochromic glazing was 
configured to limit direct sunlight on the horizontal plane. For 
each hour of the occupied period, between 8 a.m. and 6 p.m., if 
more than 2% of the horizontal grid area, analysis points receive 
direct sunlight, defined as more than 1,000 lux directly from solar 
disc, the transmitting window is instructed to lower the visible 
transmittance of the glass until either the sensors are brought 
below 1,000 lux or the glass unit is in its darkest state [58,59]. In 
Climate Studio, the schedule of blind or dynamic glazing is 
generated considering all 8,760 hours of the year in a 24-hour 
period per day [37]. 

As output, results of Spatial Daylight Autonomy and Useful 
Daylight Illuminance were obtained and exported to .csv file. The 
hourly shading schedule was also exported to a .cvs file and used 
to generate input data for the simulations of non-visual effects in 
ALFA. The Annual Glare was calculated for the four states of 
electrochromic glazing, one for each visual transmittance. Tvis 0, 
or “0”, corresponds to a visible transmittance of 62.1 % (clear 
state), Tvis1, or “1”, to 41% (light tint), Tvis2, or “2”, 5.4% 
(medium tint) and Tvis 3, or “3” to 1.1% (fully tinted) [9]. After 
that, values of Daylight Glare Probability of the four tint states 
were exported to .csv files and were associated with each 
corresponding hourly tint state of the electrochromic glazing using 
the IFS function in Excel. In that way, it was possible to calculate 

Table 2. Simulation parameters in Climate Studio and ALFA. 
Parameter Value Reference 

Sample per pass 128 [55] 
Max number of passes 100 [55] 
Ambient bounces 15 [55,56] 
Weight limit 0.01 [55] 

 

 
Fig. 8. Simulated variables: Solar orientation, north, south, east, west, window material, clear glass and electrochromic glazing and sensor grids, P1 to P9. 
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the Annual Glare for the simulated electrochromic glazing 
considering all four states. The results were analyzed for all nine 
sensors, as described in section 3.1. 

One major limitation of ALFA is that the simulations are static. 
This means that for each hour, one sky condition, among clear, 
hazy, and overcast, and one tint state of the electrochromic glazing 
must be inputted to generate metrics of equivalent melanopic lux 
and M/P ratio, later converted to mel-EDI (lux) and mel-DER 
respectively [2,40,45,71]. 

Therefore, the procedures recommended by the International 
Energy Agency for the evaluation of daylight and electric light-
integrated projects for point-in-time simulations were followed. In 
them, single measurements, in this case, simulations must ideally 
be as close as possible to a solstice or equinox [71]. The simulation 
input of Brasilia’s climate file corresponded to the year 2018 [38]. 
For this reason, four dates were defined, which were March 22, 
autumn equinox; June 21, winter solstice; September 22, spring 
equinox; and December 22, summer solstice. 

For this reason, the data of the climate file was opened in 
Climate Consultant, v. 6.0 [49], filtered, and exported to .csv. To 
determine the sky condition for each hour, data on the sky cover 
was filtered for the four described dates between 8 a.m. and 6 p.m. 
Then, to determine the sky condition, from 0% (clear sky) to 100% 
(overcast), the recommendation of the Brazilian Standard ABNT 
NBR 15.215 – 2 was followed. In it, three sky conditions were 
considered: clear sky, for sky cover between 0% and 25%; 

intermediate sky, for sky cover of 25% and 75%; and overcast, for 
values between 75% and 100% [72]. 

Following that, the location of Brasilia (15° 7’ south/47° 9’ 
west) was inserted, and the same model described in section 2.2 
was considered. To consider the dynamism of the electrochromic 
glazing, each state from Tvis 0 (clear) to Tvis 3 (dark tint) was 
inputted for each hour considering the generated shading schedule 
in Climate Studio. As output, values in units of equivalent 
melanopic lux (EML) were obtained for each hour, totalizing 
1,440 results considering the nine analyzed sensors, as described 
in section 3.3. Data on vertical illuminance and the M/P ratio for 
each hour were also obtained. Figure 10 illustrates the simulation 
flowchart in ALFA v.0.6. Later the results of EML were converted 
to mel-EDI and M/P ratio to mel-DER. 
 
2.5. Statistical analysis 
While the results of EML were generated in ALFA, it was noticed 
that within Zone A, B, and C, the results in the three points were 
similar. To verify if there was an equivalence of results of EML 
within zone A, P1 to P3, zone B, P4 to P6, and Zone C, P7 to P9, 
significance hypothesis tests were conducted. This is a more 
robust form of comparison than the direct comparison between the 
averages because it assures that the differences or equivalences are 
not random, as the averages come from distinct distributions. 

 
Fig. 9. Simulation flowchart in Climate Studio v 1.9. 

http://creativecommons.org/licenses/by/4.0/


10 J. F. W. Costa et al. / Journal of Daylighting 11 (2024) 1–22 

2383-8701/© 2024 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license (https://creativecommons.org/licenses/by/4.0/). 

Analysis of Variance (ANOVA) is a statistical technique used 
to determine if two averages from two or more populations are 
similar or not. The tested hypothesis is the equality between the 
averages. The adopted significance value – tolerated a margin of 
error of 5%, which supports the rejection of the null hypothesis. 
The difference between two or more averages is significant if the 
calculated Sig or P-value is below 0.05 (5%). Otherwise, if the P-
value is equal to or above 0.05, the averages are considered 
statistically equivalent, even though the numerical results are not 
identical. These hypothesis tests were calculated using R Script 
[73]. As a result, it was possible to determine if there were 
equivalent results between the three points in each simulated zone, 
A, B, or C. 

Techniques of descriptive statistics were used to report the 
results in ALFA, including the categorization and frequency 
counting. To facilitate the analysis by combining the minimum 
threshold of 250 lux of mel-EDI to a maximum vertical 
illuminance of 1,500 lux, a double classification was created, 
combining these two different parameters [74]. The idea was to 
associate both metrics with counting the frequency in which these 
thresholds were achieved, a minimum of circadian lighting with a 

maximum threshold for vertical illuminance. So, in effect, to count 
the frequencies, a binary classification was made between “yes” 
and “no” to verify if these both conditions were satisfied for each 
sensor, P1 to P9 for north, east, south, and west for each simulated 
hour. For each orientation, 360 values were counted considering 
the nine sensors (P1 to P9), four days (two solstices and two 
equinoxes), and ten hours (8 a.m. to 6 p.m.). It was possible to 
verify the frequencies in which there was a balance between a 
minimum of circadian lighting recommended without discomfort 
due to glare. Additionally, the results of mel-EDI and mel-DER 
were counted and classified according to the assessment criteria 
described in section 2.3. These frequencies were counted using R. 
 
3. Results and discussion 
As discussed in section 2.4, the shading schedule of the 
electrochromic glazing was generated using Climate Studio to 
limit direct exposure to sunlight, i.e., when more than 2% of the 
grid area receives at least 1,000 lux directly. The idea was to lower 
its visible transmittance to control the incidence of direct sun on 
the horizontal sensor grid. The schedules were generated 

 
Fig. 10. Simulation flowchart in ALFA v. 0.6 Professional. 
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considering all 8,760 hours of the year. The results of the shading 
schedules of the four solar orientations are illustrated in Fig. 11. 

When the electrochromic glazing (EC glazing) was faced to the 
north, the visible transmittance tint state was set to reduce from 
March to September from 8 a.m. to 4:30 p.m. From 9:30 a.m. until 
3 p.m., the EC glazing remained in the “fully tinted” state, with 
visible transmittance of 1.1%. From the middle of September until 
the middle of March, the electrochromic glazing was in clear state 
almost all of the time during spring and summer. 

When facing south, the electrochromic glazing was found in the 
clear state, state 0, in almost all 8,760 hours of the year, since there 
was not much incidence of direct solar radiation in most part of 
the year. Facing east, the electrochromic glazing was set in lower 
tint states, mostly between 8 a.m. and 11:30 a.m. From 8 a.m. until 
11:30 a.m., it was set in state 3, with visible transmittance of 1.1% 
from January to December. On the other hand, when faced west, 
the electrochromic glazing was set in a full tint state from 12:30 
p.m. until 3:30 p.m. and with medium tint state, with visible 
transmittance of 5.4% from 3:30 p.m. until 4:30 p.m. from January 
to December. 
 
 

3.1. Simulations of visual effects of light in Climate Studio 
Daylight autonomy of 300 lux in all sensors was above 50% in all 
four orientations: north, south, east, and west, as illustrated in Fig. 
12. This meant that all sensors complied with the spatial daylight 
autonomy parameters, which were at least 300 lux in 50% between 
8 a.m. and 6 p.m. This compliance is applied to the electrochromic 
glazing and the clear glass. 

Results of useful daylight illuminance (UDI) for the 
electrochromic glazing were displayed for the middle sensor per 
zone. In zone A, close to the window, at a distance of 0.50 m, the 
illuminance levels were within the UDI 100-3000 lux, facing east 
in 45% of the time and west in 40%, facing south in 23% and 
north, in 50%. In Zone B, the UDI values were 81% or more. In 
Zone C, the results of UDI were above 72% of the time during the 
day facing all solar orientations. The results are shown in Fig. 13. 

Results of useful daylight illuminance (UDI) for the clear glass 
were displayed for the middle sensor per zone, and significant 
differences in the results were found, as seen in Fig. 14. In zone 
A, close to the window, at a distance of 0.50 m, the illuminance 
levels were within the UDI 100-3000 lux facing east in 12% of the 

 
Fig. 11. Results for shading schedule for each solar orientation (Climate Studio). * 
Note: *0 – Tint states: Tvis 0 62.1%/ 1- Tvis 1 41.4%/ 2- Tvis 2 5.4%/ 3- Tvis 3 1.1%. 
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time and west in 10%, facing south in 11%, and north in 10%. In 
Zone B, the UDI values were 64% or more. In Zone C, the results 
of UDI were above 95% of the time during the day facing all solar 
orientations. In general, in all orientations, the electrochromic 
glazing performed better in relation to UDI levels, particularly in 
zone A, close to the window. For south, the reduction of UDI was 
11%, north 40%, east 33%, and west 30%. 

The results of daylight glare probability for the electrochromic 
glazing presented variations according to the distance of the sensor 
from the window. Close to the window, at a distance of 0.50 m in 
Zone A, intolerable glare was found in 47% of the time when the 
model was facing north. To south, intolerable glare was present 
72% of the time, and to the west 56% of the time. When the 
simulation model was facing south, the electrochromic glazing 
remained in the clear state in 98.5% of the time, and that was one 

of the possible reasons for a significant increase in hours of 
intolerable glare in relation to the same position of the sensors 
considering the three other orientations. 

As the distance of the window increased to 2.5 m from zone B 
for north, east, and west, imperceptible glare was present for more 
than 70% of the hours during the day and for the south in 63% of 
the hours. In zone C, 5.5 m distant from the window, glare was 
imperceptible during all simulated hours. The results of annual 
glare (DGP) for the electrochromic glazing are presented in Fig. 
15. 

Results of annual glare for the clear glass indicated that daylight 
glare probability was mitigated by electrochromic glazing. The 
results of annual glare for the clear glass are illustrated in Fig. 16. 
In zone A, intolerable glare was far worse than the results of 
intolerable glare with clear glass, and it was present in at least 87% 

 
Fig. 12. Results for Daylight Autonomy of 300 lux according to solar orientation (Climate Studio) from 8 a.m. and 6 p.m. 
 

 
Fig. 13. Results for the electrochromic glazing of the useful daylight illuminance (UDI) between 100 and 3,000 lux in the three zones between 8 a.m. and 6 p.m. 
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of the simulated hours in all four orientations. In zone B, 
intolerable glare was present in at least 50% of the simulated hours 
for the north, east, and west and for the south in 31% of them. In 
the same zone, B, imperceptible glare was only observed in 
approximately 19% to 23% of the hours for north, east, and west 
and for south in 29% of the time. In zone C, imperceptible glare 
was observed in at least 73% of the hours, and intolerable glare 
was present in 6% of the time for the east. 

According to the results of DGP, the worst situations were when 
the sensors were close to the window, at a distance of 0.50 m for 
both window materials. The shading schedule generated for the 
electrochromic glazing, avoiding direct sun, prevented problems 
related to glare for the east, west, and north, but this solution was 
less effective for the south. The results of DGP indicated 
significant improvements provided by the electrochromic glazing 
when compared to the clear glass, specifically in zones A and B. 

 
Fig. 14. Results for the clear glass of the useful daylight illuminance (UDI) between 100 and 3,000 lux in the three zones between 8 a.m. and 6 p.m. 
 

 
Fig. 15. Annual glare (DGP) for the electrochromic glazing according to solar orientation between 7:30 a.m. and 5:30 p.m. 
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In zone A, close to the window, intolerable glare was reduced from 
88% to 47% for the north, 87% to 72% for the south, 87% to 47% 
for the east, and from 90% to 56% for the west. In zone B, 
improvements were observed as well, particularly for intolerable 

glare. With the electrochromic glazing, zone B intolerable glare 
was not a problem in all four orientations, whereas it was with 
clear glass in at least 50% of the simulated hours for east, west, 
and north and 31% for the south. 

 
Fig. 16. Annual glare (DGP) for the clear glass according to solar orientation between 7:30 a.m. and 5:30 p.m. 
 
Table 3. Equivalence test of sensor grids (P1 to P9) per Zone (A, B, and C) considering the four solar orientations for the simulation in ALFA for the electrochromic 
glazing. 

Comparison of the sensor grids per Zone (A, B, C)  

 P=P-value of the Analysis of Variance for comparison of 3 averages 
Equivalence in A=P1, P2 and P3  Equivalence in B=P4, P5 and P6 Equivalence in C=P7, P8 and P9 

 East North West South 
P1 5004.1 2579.5 8599.2 5752.8 

P2 6241.4 3679.2 9271.1 6432.3 

P3 5528.5 3468.3 7999.8 4828.3 

Equivalence Zone A Yes (P=0.468) Yes (P=0.216) Yes (P=0.875) No (P = 0.006) 
P4 1924.1 1128.4 3442.6 2166.9 

P5 2185.3 1269.6 3438.7 2326.9 

P6 2014.8 1223.8 2489.5 2084.9 

Equivalence Zone B Yes (P=0.673) Yes (P=0.843) Yes (P=0.613) Yes (P=0.413) 
P7 970.1 569.3 1722.7 1082.3 

P8 1004.2 582.4 1628.1 1092.1 

P9 989.4 576.8 1145.4 1071.4 

Equivalence Zone C Yes(P=0.973) Yes (P=0.994) Yes (P=0.628) Yes (P=0.976) 
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3.2. Simulations in ALFA: equivalence of the nine sensor grids 
within Zones A, B, and C 
Since the results of equivalent melanopic lux generated in ALFA 
were similar among zones A, B, and C, the averages were 
compared to see if they were statistically equivalent or not, 
considering a tolerated margin of error of 5%. ANOVA was used 
regarding the four solar orientations. They were converted to 
melanopic equivalent daylight illuminance (mel-EDI), as 
mentioned in section 2. 

Within zone A, 0.50 m far from the window, the averages of 
units of mel-EDI were between 2,579.5 lux and 8,599.2 lux. The 

grid sensors P1, P2, and P3 in zone A were only equivalent in the 
east, north, and west, with P-values above 21.6%. However, to the 
south, the results of mel-EDI from sensors P1, P2, and P3 were not 
equivalent. Within zone B, P4, P5, and P6 were equivalent 
regarding all four solar orientations, with P-values equal to or 
above 41.3%. The same equivalence occurred within zone C, with 
sensors P7, P8, and P9, with p-values equal to or above 62.8%. 
The equivalence tests are displayed in Table 3. 

This meant that results of mel-EDI considering all nine grid 
sensors were equivalent within zones A, with sensors P1, P2, and 
P3; zone B, with sensors P4, P5, and P6; and zone C, with sensors 
P7, P8, and P9, to east, north and west. To the south, the results of 

 
Fig. 17. Hours of circadian lighting with a minimum of 250 lux (mel-EDI) per solar orientation. 
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sensors P4 to P6, within zone B, were equivalent, as well as the 
ones from zone C, P7 to P8. Nevertheless, in Zone A to the south, 
the results of sensors P1, P2, and P3, within Zone A were not 
equivalent, with a P-value of 0.6%. It is important to emphasize 
that this equivalence of these tests of the sensors for zones A, B, 
and C may only apply to this simulation model. The equivalent 
tests were done to verify if the results were statistically equivalent 
between the sensors within the three zones to increase the 
understanding of the simulated results. 
 
3.3. Circadian lighting of the simulated room: results from 
melanopic equivalent daylight illuminance (mel-EDI) 
In this section, the results generated in ALFA consisted of units of 
EML and were later converted to mel-EDI with units in lux. As 
discussed in section 2.3, a minimum of 250 lux is required to meet 
the described recommendations [63,64,66]. Therefore, a count 
was done to verify in which of the four simulated days, two 
solstices, and two equinoxes, the minimum of 250 lux was 
achieved, as described in Fig. 17. 

In Zone A, 0.50 far from the window, in sensor P2, all results 
were equal or above 250 lux during all simulated hours on March 
22, June 21, September 22, and December 22 for the clear glass 
and the electrochromic glazing. In zone B, 3.0 m from the window, 
and in zone C, 5.5 m from the window, all results were equal to or 
greater than 250 lux for the clear glass. 

However, the results were different for the electrochromic 
glazing. For north, the results in P5 showed a reduction in the 
hours with a minimum of 250 lux on March 22 and on June 21, 
achieved in 5 hours, on September 22, with 6 hours, and on 
December 22, in 10 hours. For east and west, a minimum of 8 
hours with 250 lux or more of circadian lighting was observed. 

In zone C, according to the results in P8, 5.5 m from the 
window, the hours with the minimum of 250 lux of mel-EDI 
decreased in three orientations: east, north, and west. For east and 
west, a minimum of 7 hours with 250 lux or more of circadian 
lighting was observed, and there was a slight decrease in circadian 
lighting. For north, a minimum of 250 lux of mel-EDI was only 
achieved in 3 hours on March 22, 4 hours on June 21, and 5 hours 
on September 22. On December 22, circadian lighting was 
achieved in all ten simulated hours. This reduction in the number 

of the minimum of 250 lux of mel-EDI can be explained by the 
decrease in the visible transmittance to 1.1%, fully tinted state of 
the electrochromic glazing during these three dates to north, east, 
and west as can be seen in Fig. 11. 

Since the equivalence tests of the simulations in ALFA did not 
apply to the south in Zone A, the results for P1, P2, and P3 were 
analyzed separately. According to the results displayed in Table 4, 
all simulated results presented values of circadian lighting with a 
minimum of 250 lux of mel-EDI. 

 
3.4. Balance between circadian lighting and avoidance of 
discomfort due to glare 
As discussed in section 2.5, a double classification was created to 
understand if, of circadian lighting, a minimum of 250 lux of mel-
EDI can be achieved without exceeding vertical illuminance of 
1,500 lux. As discussed in section 2.5, the idea was to associate 
both metrics to count the frequency in which these thresholds were 
simultaneously achieved: a minimum of circadian lighting and a 
maximum threshold for vertical illuminance. The results of the 
hour count combining these parameters are described in Table 5. 

When the simulation model faced north, the electrochromic 
glazing performed best regarding the combination of the minimum 
required circadian lighting with the maximum threshold of vertical 
illuminance. The optimal situation happened in 120 hours, 33.33% 
of the 360 simulated hours for this orientation. The results showed 
improvements in relation to the clear glass when the optimal 
situation occurred in 33 hours, in 9.17% of the simulated hours. 

To the south, the electrochromic glazing had the worst 
performance due to the fact that it was in the clear state in 98.5% 
of the time. The optimal situation was found in 89 hours, only in 
24.72% of the 360 simulated hours for this orientation. For the 
clear glass to the south, this was constrained in 54 hours, in 15% 
of the hours, with a reduction of 9.72% when both conditions were 
fulfilled, with a minimum of 250 lux (mel-EDI) and a maximum 
of 1,500 lux of vertical illuminance. This can be explained by the 
reduction in the visible transmittance, from 88.3% for the clear 
glass to 62.1% for the clear state of the simulated electrochromic 
glazing. 

 

Table 4. Hours of circadian lighting with a minimum of 250 lux (mel-EDI) to south. 

South Zone A: Hour Count mel-EDI ≥ 250 lux 

Sensor Date Clear glass Electrochromic glazing 
P1 

22/03/2018 

10 10 

P2 10 10 

P3 10 10 

P1 
21/06/2018 

10 10 

P2 10 10 

P3 10 10 

P1 
22/09/2018 

10 10 

P2 10 10 

P3 10 10 

P1 
22/12/2018 

10 10 

P2 10 10 

P3 10 10 
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For the electrochromic glazing for the east, the number of hours 
when there was a minimum of 250 lux (mel-EDI) without 
exceeding 1,500 lux of vertical illuminance was 100, representing 
27.78% of the simulated hours; to the west, it was 105 hours, 
corresponding to 29.17% of the simulated hours. When compared 
to the clear glass, both criteria were met in only 37, 10.28% of the 
simulated hours for the east and in 44, 12.22% of the simulated 
hours for the west. The performance of the electrochromic glazing 

for these orientations was also better when compared to the clear 
glass. 
 
3.5. Results of melanopic daylight efficacy ratio 
Results of melanopic daylight efficacy ratio (mel-DER) indicated 
that in sensors P1 to P9, there were differences in the results for 
the clear glass and the electrochromic glazing. In total, per 

Table 5. Hourly frequencies combining a minimum of circadian lighting with a maximum threshold of vertical illuminance per solar orientation for the electrochromic 
glazing and the clear glass. 

EML x Ev (lux) - Cross tabulation for Electrochromic Glazing 

Mel-EDI ≥ 250 lux (YES) and Ev < 1500 lux (YES) 
Orientation North South East West 
Hour Count 120 89 100 105 
% 33.33% 24.72% 27.78% 29.17% 
EML x Ev (lux) - Cross tabulation for Clear Glass 

Orientation North South East West 
Hour Count 33 54 37 44 
% 9.17% 15.00% 10.28% 12.22% 

 

 
Fig. 18. Results of mel-DER per solar orientation for the clear glass and the electrochromic glazing. 
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orientation and sensor, 40 hours were simulated considering the 
four dates. Differences in the results of mel-DER were higher 
when comparing the intervals between 0.562 and 0.904 
corresponding to the interval of CIE illuminant FL11 (4000 k) for 
the four orientations in P2 and P5 for clear glass and the 
electrochromic glazing. Results can be seen in Fig. 18. 

In the interval of melanopic efficacy of CIE illuminant FL 11 
(4000 K), results for the electrochromic glazing in P2 for east were 
counted in 18 hours, north in 15 hours, west in 27 hours, and south 
in 26 hours. For the clear glass, mel-DER between 0.562 and 0.904 
was counted in 9 hours for the east, 8 hours for the north, not 
counted for the south and 9 hours for the west. For P5, results of 
mel-DER between the interval of CIE illuminant FL11 for the 
electrochromic glazing were counted in 21 hours for the east, 15 
hours for the north, 28 hours for the west, and 27 hours for the 
south. For the clear glass in P5, the results were significantly 
different for the interval of CIE illuminant FL11, with 9 hours for 
the east, 12 hours for the north, 9 hours for the west, and 3 hours 
for the south. In P8, the significant differences for the interval of 
mel-DER corresponding to the CIE illuminant FL11 (4000 K) 
were to the west, with 28 hours against 21 hours to the west and 
27 to 18 hours to the south for the results of the electrochromic 
glazing and the clear glass respectively. 

Regarding the interval of mel-DER between 0.904 and 1, 
corresponding to the efficacy of the CIE illuminant D55 (Daylight 
5500 K), differences were also found in the three sensors in the 
four orientations. For P2, results of mel-DER - CIE D55 (Daylight 
5500 K) for the electrochromic glazing were counted in 9 hours 
for the east, 7 hours for the north, 5 hours for the west, and 14 
hours for the south. For the same interval, mel-DER CIE D55 
(Daylight 5500 K) for P2 for the clear glass, the count was higher, 
with 17 hours for the east, 19 hours for the north, 24 hours for the 
west, and 26 hours for the south. For P5, in general, the results of 
mel-DER in the interval CIE D55 were at least 44% lower for the 
electrochromic glazing when compared to the clear glass. In P8, 
the most significant difference was for the north. Results of mel-
DER – CIE D55 (5500 K) were counted in 15 hours against no 
counted hours for the north and 16 hours against 3 hours for the 

west for the clear glass and the electrochromic glazing, 
respectively. 

At a distance of 5.50 m far from the window for the 
electrochromic glazing, contrasting results were also found. At 
5.50 m far from the window, results corresponding to the 
melanopic efficacy of CIE illuminant D65 (Daylight 6500 K) were 
higher for the electrochromic glazing when compared to the clear 
glass. For east, mel-DER – CIE D65 results were counted in 11 
hours for the electrochromic glazing, against 7 hours for the clear 
glass. The results of mel-DER – CIE D65 were observed for the 
other orientations in zone C. For the north, the count was 1 hour 
for the clear glass against 19 hours for the electrochromic glazing, 
and for the west, 3 hours for the clear glass compared to 9 hours 
for the electrochromic glazing. On the other hand, for the south, 
the opposite occurred; for the clear glass, results of mel-DER – 
CIE D65 were counted in 13 hours for the clear glass, against no 
counted hour for the electrochromic glazing. 

As discussed in section 3.2, it was necessary to analyze the 
results for sensors P1, P2, and P3 separately in zone A for the south 
as there was no equivalence among them. Similar results were 
observed, as discussed in P2, for the south. In general, the results 
of mel-DER were counted more frequently in the interval 
corresponding to the CIE illuminant FL11 (4000 K) for the 
electrochromic glazing. For the clear glass in zone A, the results 
of mel-DER were counted with more frequency to the intervals of 
CIE illuminants D55 (Daylight 5500 K) and D65 (6500 K) (Fig. 
19). 

Results suggested that the use of the electrochromic glazing had 
significant impacts on the results of mel-DER in the four 
orientations when compared to the clear glass. The results of mel-
DER indicated that at distances of 0.50m and 3m from the 
window, there were differences among the results for the clear 
glass and the electrochromic glazing. This indicated that next to 
the window and in the middle of the room, at the mentioned 
distances from the window, mel-DER were found more frequently 
in the intervals corresponding to CIE illuminants D55 and D65 for 
the clear glass in at least 70% of the time, in 28 of the 40 hours. 
However, the predominant frequency of hours for the 

 
Fig. 19. Results for mel-DER for the south in Zone A. 
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electrochromic glazing was in the interval of CIE illuminant FL 
11 (4000 K) in at least 67.5% of the time, in 27 of 40 hours for 
south and east, and in at least 37.5% of the hours, 15 of 40 hours 
for north and 45% of the hours, 18 of 40 hours for the east. 

Nevertheless, at a distance of 5.50m far from the window, 
results corresponding to the melanopic efficacy of CIE illuminant 
D65 (Daylight 6500 K) were higher for the electrochromic glazing 
when compared to the clear glass for east, north, and west, except 
for south. This can be explained by higher M/P ratios of the 
electrochromic glazing in medium dark and dark state than of the 
clear glass, as described in Table 1. 

 
4. Conclusion 
Considering all evaluated variables for the simulation studies, it 
was possible to determine in which conditions the performance of 
the electrochromic glazing was better in a non-residential room for 
the climate of Brasilia. The simulated window-wall ratio was 85%, 
representing a highly glazed façade. It is important to mention that 
the tint states of the electrochromic glazing, from fully clear, 62.1% 
of visible transmittance to fully tinted, 1.1%, were controlled 
according to the presence of direct sun on the incident on the 
horizontal grid. Facing north, the fully tint state was between 10 
a.m. and 3 p.m. from the middle of March until the middle of 
September. It was in the clear state 63.7% of the time, 34.8% less 
than in relation to the south-facing window. Facing east, the 
electrochromic glazing was set in lower tint states mostly between 
8 a.m. and 11:30 a.m. during the morning period in almost the 
entire year and west from 12:30 p.m. and 4:30 p.m. throughout the 
year. Both remained in the clear state for approximately 76% of 
the time during the year. 

The parameter of spatial daylight autonomy (sDA) was useful 
for understanding the illuminance in the horizontal grid. 
Regarding sDA, all sensors, considering the four solar orientations, 
were above 300 lux in at least 50% of the simulated hours. For this 
parameter, both materials, electrochromic glazing and clear glass, 
performed well. Nevertheless, there were differences between the 
performance of UDI between 100 lux and 3,000 lux when 
comparing the electrochromic glazing and clear glass in zone A at 
a distance of 0.50m from the window. For the clear glass, 
illuminance levels were within the UDI 100-3000 lux, facing east 
in 12% of the time and west in 10%, facing south in 11% and north 
in 10%, and for the electrochromic glazing, the results were 50% 
for north, 45% for east, 23% for south and 40% for west. At the 
distances of 3m and 5.5m from the window, zones B and C, the 
differences of UDI 100-3000 lux were not so significant. This 
meant that the electrochromic glazing performed better at keeping 
the illuminance levels on the horizontal grid at more comfortable 
levels in comparison with the clear glass. 

When annual glare was evaluated, the probability increased 
when the sensors were located closer to the window in all four 
orientations for the electrochromic glazing for both window 
materials. Differences were noted when contrasting the results of 
both window materials. In zone A, close to the window, 
intolerable glare was reduced from 88% to 47% for the north, 87% 
to 72% for the south, 87% to 47% for the east, and from 90% to 
56% for west when the electrochromic glazing and the clear glass 
were compared. The shading schedule generated for the 
electrochromic glazing, avoiding direct sun, prevented problems 

related to glare for the east, west, and north, but this solution was 
less effective for the south. 

For the results of electrochromic glazing, intolerable glare was 
not an issue as the distance from the window increased from 0.5m 
to 3m in zone B for north, east, and west, as imperceptible glare 
was present in more than 70% of the hours during the day and for 
south, in 63% of the hours. Nevertheless, intolerable glare for the 
clear glass was significantly worse in zone B. Intolerable glare was 
observed in at least 31% of the simulated hours for the south and 
at least 50% of the time for the other three orientations for the clear 
glass. In zone C, 5.5 m far from the window, glare was 
imperceptible during all simulated hours for the electrochromic 
glazing and in at least 73% of the year for the clear glass. 
Consequently, the use of electrochromic glazing accomplished 
better results than clear glass, and this is a suitable solution to 
mitigate glare in the context of Brasilia. 

On the other hand, it is important to emphasize that in certain 
situations, the use of the electrochromic glazing on the simulated 
highly glazed test room presented some disadvantages regarding 
the supply of circadian lighting, particularly for the north 
orientation. On all four orientations for all simulated hours, the 
minimum value of 250 lux of mel-EDI was achieved in all sensors 
for the clear glass. When analyzing the electrochromic glazing for 
the north, the supply of circadian lighting decreased in at least 40% 
of the simulated hours for zone B, a distance of 3m from the 
window, and at least 50% in zone C, the distance of 5.5m from the 
window at the beginning of autumn, on March 22, winter, on June 
21 and spring, on September 22. In relation to east and west, this 
reduction was 20% in zones B and C in the four simulated dates. 

As can be seen in Table 1, the simulated electrochromic glazing 
had a melanopic to a photopic ratio of 0.90 in the clear state and 
1.65 in the fully tint state, indicating higher melanopic 
transmittance in the fully tint state than the clear state and 1.01 for 
the clear glass. Regarding the spectrum, higher melanopic daylight 
efficacy ratios were observed for the clear glass than for the 
electrochromic glazing. In general, the results of the clear glass 
indicated that there were no significant alterations in the received 
daylight in the simulated room, with the predominance of mel-
DER in the intervals of CIE illuminant D55 and D65. When the 
performance of the electrochromic glazing was analyzed, the 
melanopic daylight efficacy ratios were lower, and approximately 
50% of the time during the four evaluated days, the mel-DER were 
not equivalent to CIE illuminant D55 and D65, indicating 
distortions in the spectral distribution of daylight entering the 
room. Frequently, results of mel-DER for the electrochromic 
glazing fell to levels below 0.904 and indicated melanopic efficacy 
comparable to artificial lighting, CIE illuminant FL11 (4000 K), 
or light sources with lower correlated color temperatures. It is 
suggested that the melanopic efficacy of the electrochromic 
glazing be further investigated. 

For the context of Brasilia of non-residential buildings, 
electrochromic glazing can be a suitable choice for highly glazed 
façades, particularly for purposes of the mitigation of glare and 
supply of circadian lighting. For the electrochromic glazing, a 
balance between the minimum threshold of 250 lux (mel-EDI) 
without exceeding 1,500 lux of vertical illuminance was observed 
in 33.33% of the hours for the north, against 27.78% of the hours 
for the east, 29.17% for the west and 24.72% for the south. When 
compared to the clear glass, this balance was 24.16% better for the 
north, 9.72% for the south, 17.5% for the east, and 16.95% for the 
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west. With these results, it was possible to conclude that the 
electrochromic glazing performed better regarding the visual and 
non-visual effects evaluated compared to the conventional clear 
glass. 

As discussed in the literature review, the darkness provided by 
the electrochromic glazing was a constant source of criticism by 
the users of non-residential buildings. In the context of Brasilia, 
the most important aspect to be observed is the employment of 
electrochromic glazing for the north orientation. In this context, 
the supply of circadian lighting was jeopardized when the 
electrochromic glazing was found in the dark state because of the 
higher incidence of direct sun between March and September. 

This work is part of a PhD thesis, and this discussion will be 
deepened. To understand the employment of electrochromic 
glazing within the national context, different cities with distinct 
luminous contexts and latitudes, predominantly in hot climates, 
will be further investigated. Another aspect to be considered is the 
comparison of the performance of electrochromic glazing 
regarding visual and non-visual effects compared with reflective 
glasses, which are commonly used in non-residential buildings in 
Brazil. 
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