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Abstract 

Openwork façades are used commonly in buildings in hot 

climates in the tropics. However, little is known about 

their performance regarding daylight sufficiency, glare 

probability and non-visual effects. In a hypothetical 

classroom, climate-based simulations were carried out in 

3 cities in Colombia. Results were analysed considering 

people’s perception of light sufficiency and temporal 

variations in the directions of view. The results showed 

differences in daylighting performance due to the surface 

reflectance of the façades. When considering people's 

perception in the assessment, openwork facades with a 

high surface reflectance in the perforation have a great 

potential to improve daylighting performance of indoor 

environments. 

Key Innovations 

 A temporal approach was used aiming the 

integration into one observer’s position the three 

DGP and EML values obtained from each 

direction of the view. 

 We examined the daylighting performance of the 

façades daily therefore, the targeted time of each 

criterion was considered per day.  

 Under the assessment approach used in this 

study, a façade's daylighting performance will be 

higher when the three criteria are met 

simultaneously, over most of the days of the 

year. 

 Small changes in the reflectance of openwork 

elements internal and external surfaces can 

affect the façades daylighting performance. 

Practical Implications 

In evaluating the differences in daylighting performance 

of openwork façades when modifying the reflectance of 

its surfaces, a daily-based analysis of the criteria is more 

accurate than an annual-based analysis. 

Introduction 

Openwork façades are a frequent architectural solution 

used in hot-humid climates. In Colombia and other 

tropical countries, these façades solutions have been 

widely incorporated in educational facilities due to their 

low cost and easy maintenance. However, this strategy 

has been scarcely studied (Hernan and Trujillo 2015). 

Some investigation shows the acoustic and thermal 

performance potential of this type of façades (De Araújo 

and Bistafa 2012; García et al. 2020; Arango et al. 2020). 

Nevertheless, there are insufficient studies of openwork 

walls from daylighting point of view associated with 

daylight sufficiency (Arango-Díaz et al. 2020; Cordeiro 

2018), glare probability (Arango-Díaz 2016) and non-

visual effects of light. Nowadays, the lighting effects on 

human performance, behaviour and mood are well known  

(Veitch 2005). Studies in classrooms have shown 

correlations between horizontal illuminance and students’ 

cognitive improvement (Heschong Mahone Group 1999; 

Piderit and Labarca 2015; Piderit et al. 2013; Plympton, 

Conway, and Epstein 2000). From the point of view of 

visual comfort in classrooms, glare control is one of the 

most important aspects to be (Bluyssen et al. 2020; 

Ricciardi and Buratti 2018), its ability to suppress 

melatonin, the sleep hormone, and therefore not 

negatively affect the circadian cycles of people (Konis 

2017, 2019).  

A vast source of approaches, metrics and tools is currently 

available to facilitate indoor daylighting evaluations. The 

Daylight Autonomy – DA (Reinhart, Mardaljevic, and 

Rogers 2006) and Spatial Daylight Autonomy – sDA 

(IESNA 2012) have been used in the assessment of 

daylight provision over a certain period. The Daylight 

Glare Probability – DGP (Wienold 2010) has proven to be 

one of the most reliable in predicting glare (Jakubiec and 

Reinhart 2012; Yong, Schiler, and Kensek 2017). 

Recently, the development of Equivalent Melanopic Lux 

–EML (Lucas et al. 2014), which considers the vertical 

illuminance at eye level and the type of light source, 

allows to estimate the circadian lighting to ensure 

healthier lighting conditions for the occupants. 

In this paper, we explore the daylighting performance of 

different façades solutions for classrooms in hot-humid 

climates. The objectives of the study were: 1) To 

incorporate a temporal approach to integrate values of 

glare assessments and circadian potential of each 

direction of the view into one single value for each 

parameter; 2) To perform daily-based analyses to verify 

the compliance of glare protection, daylight sufficiency 

and circadian potential per day and 3) To verify the 

differences in daylighting performance due to façade 

changes. 

Nomenclature 
Eh- Horizontal illuminance 

Ev- Vertical illuminance 

EML- Equivalent Melanopic Lux 
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EMLob- A single value of EML for each of the observer’s 

positions. It is calculated through equation 3. 

DA- Daylight Autonomy 

DGP- Daylight Glare Probability  

DGPob- A single value of DGP for each of the observer’s 

positions. It is calculated through equation 2. 

Method 

Our database was generated through climate-based 

simulations by using DIVA-for-Rhino, considering three 

cities in Colombia –Cali, Apartadó and Cartagena-, 

characterized by their hot-humid climate.  Façades 1 to 3 

were defined by changing the surface reflectance of the 

openwork components (Figure 1). Façade 4 is a typical 

solution and was used as a reference. The dimensions of 

the classroom followed the minimum recommendations 

of the National Technical Standard for educational 

facilities (NTC, 2006). 

 

Figure 1: Observer positions and differences in the 

studied façades 

Table 1: Input variables and room features 

Latitudes/Cities 
3.53° N 

Cali  

7.79° N 

Apartadó 

10.42° N 

Cartagena 

Orientation East  Southeast  

Room dimensions 10m width; 6m depth; 3m height  

Reflectance internal 

surfaces 

30% floor; 50% walls; 70% 

ceiling 

Façade cases 4 

Opening area 1/5 of the floor area  

Façade protection angle  45° 

Observer positions 2 

View directions 3 

Table 1 contains a description of the input variables. In a 

hypothetical school classroom, we examined two 

observer's positions, with three view directions from each. 

We fixed the internal reflectance of the classroom 

surfaces as well as the opening area. We evaluated two 

orientations for a period between 07h to 17h. Radiance 

parameters used for the simulations are presented in Table 

2. As output, we obtained for each day, hourly values of 

Daylight Probability Index (DGP), horizontal illuminance 

(Eh) at work plane level (0.70m) and vertical illuminance 

(Ev) at eye level (1.1m). 

Table 2: Radiance parameters 

Ambient 

Bounces 

Ambient 

Division 

Ambient 

Sampling  

Ambient 

Resolution 

Ambient 

Accuracy 

7 1000 20 300 0.1 

Studied cities: sky conditions and used weather files 

TMYx weather files were used for the simulations and for 

calculating Clearness Index frequencies (Table 3). We 

identify the prevailing sky conditions in the 3 cities from 

the Clearness Index proposed by Perez All-Weather 

model for sky luminance distribution. In this model, Sky 

Clearness is calculated and grouped in 8 discrete variables 

indicating the type of sky, from very cloudy (1) to very 

clear (8). Among the three cities, Apartadó tends to have 

cloudy sky conditions. Cartagena tends to have partly 

cloudy sky conditions over the year. Cali weather file 

presents an almost homogenous distribution between 

cloudy and partially cloudy sky conditions. In these cities, 

the annual mean relative humidity ranges from 81% to 

88% and the annual mean temperature from 22°C to 28°C. 

Table 3: Clearness Index frequencies between 07h-17h 

Clearness Index Cali 

 

Apartadó Cartagena 

 1 16.6% 25.7% 0.8% 

2 10.9% 10.6% 3.5% 

3 10.9% 11.6% 8.4% 

4 13.8% 11.1% 23.6% 

5 15.0% 15.8% 33.9% 

6 15.8% 11.9% 26.3% 

7 15.2% 5.8% 3.1% 

8 1.8% 7.6% 0.3% 

Perception of daylight sufficiency to establish DA 

illuminance targets  

Researches have drawn attention to the need to set 

daylighting levels based on people's perception (Reinhart 

and Weissman 2012; Shafavi et al. 2020; Bellia et al. 

2017). For typical visual tasks in classrooms and offices, 

daylight perceived as sufficient in tropical cities is 

determined partially by people's adaptation to outdoor 

daylight availability (Arango-Díaz 2021). This adaptation 

generates an expectation towards daylighting levels, 

which leads people to judge a certain illuminance level as 

dark or non-dark. Based on field studies in different cities, 

Arango-Díaz (2021) proposed a method to identify the 

daylight levels to assess the indoor daylighting 

performance, through climate-based modelling, 

considering people’s perception. This method uses 

logistic regression to determine the percentage of the 

population that would find a certain daylight level as non-

dark according to local daylight availability. The author 

recommends using the daylight level at which 60% of the 

people would have a non-dark perception, at least 50% of 

the time. The illuminances calculated for Cali, Apartadó 

and Cartagena were specified as target values of the DA 

metric, for each city (Table 4). 
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Equivalent Melanopic Lux- EML 

We estimated the circadian potential of the façades using 

the Equivalent Melanopic Lux unit (EML). The 

calculation was based on the vertical illuminance at eye 

level (Ev) and the melanopic ratio (1). We used mean 

EML values of both CIE daylight illuminants, D55 and 

D65, corresponding to a 1.05 melanopic ratio. 

EML= Ev * R (1) 

Integrating the dynamism of the view to the observer 

position- Temporal approach 

DGP and EML assessments are dependent on the 

direction of view. To obtain values of DGP and EML that 

integrate the three directions of view tested, we included 

a temporal approach (Vasquez et al. 2016), to incorporate 

the effect of time on glare adaptation and circadian 

potential. In this approach, DGP and EML from each view 

direction were weighted by time.  Thus, we calculated a 

single value of DGPob (2) and EMLOb (3) for each 

position, integrating values from the three directions of 

the view. Based on previous studies (Goedert, Vasquez, 

and Pereira 2020), we considered the wall with the board 

as the predominant area of interest in a classroom towards 

students’ gaze would be focused most of the time (70% of 

the time), followed by the window (20%). A last and less 

compelling field of view was DV2 (10%).  

DGPOb= (DGPvd1*0.1) + (DGPvd2*0.2) 

+ (DGPvd3*0.7) (2) 

EMLOb= (EMLvd1*0.1) + (EMLvd2*0.2) 

+ (EMLvd3*0.7) (3) 

Assessing the façades daylighting performance 

The criteria adopted to assess the daylighting performance 

of the façades were the Daylight Autonomy (DA), the 

glare protection offered by the façade (DGP) and the 

circadian potential (EML). Regarding the glare 

protection, we followed the recommendations from the 

European Standard (EN 17037:2018 2018) for both 

parameters (DGP and time) whereas, for DA, we 

considered specific target illuminance for each city. The 

targets to meet adequate circadian lighting followed those 

recommended by the WELL Standard, in which is 

specified that at least 4 hours per day should ensure the 

targeted EML (International Well Building Institute 

2016) (Table 4). 

Table 4: Criteria analysed, target value and target 

percentage of time. 

Criterion Parameter Target Time (%) 

DA Eh 

Cali= 695 

Apartadó= 476 

Cartagena= 862 

≥50% 

Glare protection DGP <0.35 ≥95% 

Circadian potential EML 125 ≥36%* 

* This value corresponds to 4 hours per day. 

We examined the daylighting performance of the façades 

based on two approaches. Initially, we described the 

percentage of time of the year in which each criterion 

complied with the established targets. In the case of DA 

and DGP, the analysis was run considering hours/year 

and, for EML was based on days/year. Afterwards, we 

evaluated the criteria daily examining the target time, 

indicated in Table 4, per day. From this approach, a 

façade's daylighting performance will be higher when 

reaches simultaneous compliance of the three criteria, 

over most of the days in a year. 

Results 

We simulated 24 cases, each of them with 24,090 

assessments resulting in 192,722 values of Eh and, 

578,160 values of DGP and Ev, each.  

Under the temporal approach, the glare sensation and the 

circadian potential were reduced when considering the 

time spent in each view direction. By spending less time 

in a direction, the reduction would be the greatest. In this 

study, the largest reduction was when the view was 45° 

towards the façade (dv2). In each direction of the view, 

the new DGP values (DGPvd*time) were lower than the 

simulated values (DGPvd*time_Mean=0.07; DGP_Mean= 0.23 

respectively). EML values weighted by the time were also 

lower than the EML values calculated through equation 1 

(EMLvd*time_Mean= 266; EML_Mean= 1199 respectively). 

Reductions were directly proportional for both 

parameters, DGP and EML since the Ev is involved in the 

calculous of each of them. 

Differences due to the observer’s position  

Differences in DGPob, Eh and EMLob values are presented 

in Figure 2 for each observer’s position -mean values 

shown-. Regarding DGPob, the largest differences were 

between the observer’s positions. From Position 1 (blue) 

–away from the façade- mean DGPob values indicated 

imperceptible glare sensation in both orientations of each 

city. However, from this position, the glare probability 

was slightly higher under a partially cloudy sky 

(Cartagena). From Position 2 (red) –closed to the façade- 

mean DGPob values were slightly higher than from 

Position 1. Even though 50% of the time glare probability 

was smaller than 0.35, façades towards Southeast 

orientation had the smallest DGPob values than East 

oriented façades. The proximity to the façade affected Eh 

values, which were higher from observer Position 2. 

Moreover, under the integrative approach used in this 

study, the observer position and the orientation of the 

façade affected the circadian potential (Figure 2c).  

We verified such differences in Eh, DGPob and EMLob 

values due to the orientation and the observer’s position 

in each city. We use parametric t-tests to examine the 

differences due to the sample size of each parameter (n= 

64240). Independent t-tests indicated significant 

differences due to the position. In Cali and Cartagena, 

differences due to orientation were statistically significant 

for the three criteria –higher mean values when oriented 

towards East. In Apartadó, the glare assessment was not 

affected by the orientation (Table 5). This finding can be 

explained by sky conditions which are predominant 

cloudy in this city. 
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Figure 2: DGPob, Eh and EMLOb values –Median 

displayed-. 

Table 5: Independent t-test by orientation and position. 

City Parameter 
Orientation Position 

t Sig. t Sig. 

Apartadó 

Eh 10.61 0.00 -33.7 0.00 

DGPob -0.59 0.55 38.57 0.00 

EMLob 21.12 0.00 -31.07 0.00 

Cali 

Eh 26.7 0.00 -34.3 0.00 

DGPob 21.74 0.00 32.2 0.00 

EMLob 36.92 0.00 -16.13 0.00 

Cartagena 

Eh -40.59 0.00 -40.59 0.00 

DGPob 35.3 0.00 35.3 0.00 

EMLob -14.15 0.00 -14.15 0.00 

Examining the façades over a year 

Since the criteria used in this study are affected by spatial 

definition, the results were analysed separately by each 

observer’s position. Figure 3a presents the percentage of 

occupancy hours in a year during which DA complied 

with the established targets. Using different illuminance 

targets for Daylight Autonomy, we aimed to incorporate 

the diversity in occupant’s daylighting perception due to 

the climate. However, by using those targets, which are 

higher than the traditional illuminance target of 300lux 

(Figure 3b), the daylight autonomy would be more 

challenging to be guaranteed (Figure 4a). The reduction 

in the percentage of time that DA would be meet was 

largest under a clear sky condition (Cartagena) (Average 

reduction of 81% and 64% for Position 1 and Position 2, 

respectively). Under a very cloudy sky (Apartadó), 

reductions were the smallest (60% in Position 1 and 38% 

in Position 2). Despite the difference in meeting the 

targets over a year, the DA performance was improved in 

the three cities using openwork elements with higher 

reflectance in their internal surfaces and lower reflectance 

in their external surfaces, as in Façade 2. Neither the 

observer's position nor the façade reflectance affected the 

glare protection (96% to 99% of the time) and circadian 

potential (99% to 100% of the time) compliance based on 

the annual assessment.  

 

Figure 3: DA compliance when using a) Etarget for each 

city and b) Etarget 300lux. 

Daily-based performance assessment 

Educational facilities are functioning, usually, most of the 

year. From our understanding, annual-based assessments 

might distort the results due to a lack of detail (for 

instance, the distribution of the days meeting the 

requirements over the year). Therefore, a daily analysis, 

already recommended for the EML evaluation, was 

performed for the three criteria: daylight autonomy, glare 

protection and circadian potential. Figure 4 presents the 

number of days (%) when the façades met 1, 2 or 3 

criteria.  

When the observer was away from the façade (Figure 4a), 

the four solutions were effectively ensuring acceptable 

conditions in terms of glare protection and circadian 

potential. Nevertheless, being away from the façade affect 
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the performance negatively since, not always, the daylight 

provision was meet. Only under cloudy skies (such as 

Apartadó and Cali), the three criteria were met, 

simultaneously, in façades towards Southeast. On the 

other hand, closer to the façade (Figure 4b), the three 

criteria were met simultaneously in the three cities by one 

of the façades. From this position, the four façades were 

more successful in meeting the three criteria when 

oriented towards the Southeast. Such differences were 

due to the latitude of the cities where East orientation have 

lower access to daylight during the afternoon. 

 

Figure 4: Façades performance. Data from each 

observer’s position. For each orientation is presented 

the % of days in the year that 1, 2 or 3 criteria were met 

in each city. 

Meeting the three criteria simultaneously was difficult 

due to the high requirement of horizontal illuminance. 

When openwork internal reflectance was low (Façade 3), 

to meet a high performance was more challenging than 

with the other façade. The link between DGP and EML 

was reflected in the percentage of time that both were 

meet simultaneously.  

We analysed the performance by reducing the target 

illuminance for the DA parameter. With a less restrictive 

DA condition, the performance of all the façades was 

substantially improved (Figure 5), even in East oriented 

façades, when the observer was away from the façade 

(Figure 5a)-. However, if occupants' perception is affected 

by their light history, a reduction in the illuminance target 

would be misleading the daylighting performance 

assessment, as artificial lighting would be required to 

satisfy their preferences. 

 

Figure 5: Façades performance when DA300lux. Data is 

presented by the observer’s position. For each 

orientation is presented the % of days in the year that 1, 

2 or 3 criteria were met in each city.  

Adequacy of the façades according to the city 

The three criteria should be satisfactory in all the 

occupants' locations in the classroom. For each façade, we 

plotted daily results of the three criteria together. Charts 

in Figure 6 presents median values. Displayed numbers in 

the external axis are the months of the year (1= January, 

2= February and, so on). The radial axis is the target time 

to be met by each parameter: 36% for EMLob, 50% for DA 

and, 95% for DGPob. Such graphical representation of the 

data allowed the identification of the façades daylighting 

performance throughout the year. For instance, even 

though from Figure 5b could be inferred that Façade 2 and 

Façade 4 would be adequate to be used in Apartadó, being 

the former with slightly better performance in East 

orientation, from the charts is possible to identify that 

Façade 4 promotes the circadian potential most evenly 

throughout the year. 
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Figure 6: Façades performance per city. Median values of targeted time for the parameters DA, DGP and EML

0%

50%

100%

1

2

3

4

5

6

7

8

9

10

11

12

0%

50%

100%

1

2

3

4

5

6

7

8

9

10

11

12

0%

50%

100%

1

2

3

4

5

6

7

8

9

10

11

12

0%

50%

100%

1

2

3

4

5

6

7

8

9

10

11

12

0%

50%

100%

1

2

3

4

5

6

7

8

9

10

11

12

0%

50%

100%

1

2

3

4

5

6

7

8

9

10

11

12

0%

50%

100%

1

2

3

4

5

6

7

8

9

10

11

12

0%

50%

100%

1

2

3

4

5

6

7

8

9

10

11

12

0%

50%

100%

1

2

3

4

5

6

7

8

9

10

11

12

0%

50%

100%

1

2

3

4

5

6

7

8

9

10

11

12

0%

50%

100%

1

2

3

4

5

6

7

8

9

10

11

12

0%

50%

100%

1

2

3

4

5

6

7

8

9

10

11

12

0%50%100%
1

23456789
101112

Daylight Autonomy

Glare protection

Circadian light

Glare target

________________________________________________________________________________________________

________________________________________________________________________________________________ 
Proceedings of the 17th IBPSA Conference 
Bruges, Belgium, Sept. 1-3, 2021

 
2794

 
 

https://doi.org/10.26868/25222708.2021.30886



 

 

Conclusion 

This study examined the daylight performance in a 

hypothetical classroom with an openwork façade. 

Although autonomous parametric simulations would have 

facilitated the consideration of more variables, the 

findings of this research allowed us to approach the 

assessment of indoor daylighting performance based on 

daylight sufficiency, glare probability and melatonin 

suppression. DA, DGP and EML were the parameters 

used to assess each criterion. 

We performed a daily-based assessment for all the 

parameters due to EML requirement, which is evaluated 

in hours per day -according to WELL Standard, at least 4 

hours per day should meet the target EML-. Additionally, 

a daily-based assessment allowed us to verify the number 

of days in a year during which the three criteria were met. 

Regarding the spatial approach, our study was limited by 

the location of the observer in the classrooms. Since DGP 

and EML evaluations are based on the observer’s position 

and direction of the view, we chose DA as the metric that 

would represent better the daylighting availability in the 

point where the observer was located. DGP and EML 

values from each view direction were integrated into a 

single value through the temporal approach. Thus, we 

aimed a coherent evaluation for the three criteria. 

The daylighting performance analysis was based on the 

number (%) of days in the year in which 1, 2 or 3 

parameters (DA, DGP and EML), associated with the 

three criteria, were met. Results showed differences in the 

daylighting performance assessment according to the 

façade, the city, the orientation and the observer positions. 

Although surfaces reflectance had a small effect on the 

DGPob and EMLob, the target illuminance used in DA 

analysis was decisive. Choosing a target illuminance 

according to people's daylight sufficiency perception, the 

reflectance of the façade surfaces indicated sensitivity to 

help to meet the three criteria, suggesting that the use of 

openwork façades could beneficiate daylighting 

performance in cities with sky predominantly cloudy. 

However, when a typical target illuminance of 300 lux 

was considered for the DA assessment, the orientation 

influenced the number of days meeting the criteria. To 

improve the daylighting performance of façades oriented 

to the East, changes in openwork’s surfaces reflectance 

was a less efficient strategy. Façades oriented to the 

Southeast, under cloudier sky conditions, low reflectance 

in openwork internal surfaces reduced the number of days 

meeting the three criteria.  

Studies about the differences in people's perception due to 

climatic conditions are still necessary. The reflectance of 

the openwork façades could help to optimize the 

daylighting performance of classrooms while design 

solutions could be different if one considers outdoor 

daylight availability and people's daylight sufficiency 

perception. 

Currently, there is a great availability of simulation tools 

for the design of parametric façade solutions that optimize 

indoor daylighting performance, considering the three 

criteria examined in this study. Nevertheless, 

sophisticated façade solutions are unfeasible in public 

buildings with a limited budget. Openwork façades are a 

constructive solution broadly used in hot-humid climates 

yet, scarcely studied. Besides the benefits that openwork 

façades can bring to the projects in hot-humid locations, 

we highlight the importance of more studies approaching 

this type of solutions.   
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