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1. Introduction  

Daylighting is a design concept of buildings recognized as a key strategy in reducing the energy 
consumption and improving visual comfort and well being of their occupants [1]. According to 
the International Energy Agency (IEA), artificial lighting makes up 14% of electrical 
consumption in the European Union and 19% worldwide [2]. In addition to improve the energy 
efficiency of buildings, it has been demonstrated that daylighting has positive effects on human 
health and productivity [3]. Energy standards strongly recommend incorporating daylighting 
strategies into building design. However, daylighting design is complex due to its changing 
nature. Likewise improving the occupants' life, daylight implementation is also related to 
technical and architectural solutions such as heating and cooling [4]. Therefore, it is necessary 
balancing the positive health effects and energy savings in artificial lighting with the the possible 
thermal and visual discomfort caused by excessive sunlight penetrations and glare [5].  

Currently, metrics such as the Average Daylight Factor (ADF) [6,7], International Standards and 
regulations as the Illuminating Engineering Society of North America (IESNA) [8], the European 
Commission [9], and the ISO 52000-1 [10] or independent researchers [1][11], have already faced 
this problem.  

Traditionally, the Average Daylight Factor (ADF) was established as a recognized criterion by 
the prestigious Building Research Establishment (BRE) [6], and supported by the scientific 
community [12,13]. Daylight factor is the ratio between indoor illuminance and outdoor 
illuminance, measured for a specific point or for an average of a space. By definition, daylight 
factor should be calculated only under the CIE overcast sky condition. Therefore, ADF allows a 
stable characterization of the luminous environment by eliminating the dependence of the 
temporal variable and the orientation of the study. However, the annual average number of sunny 
days in Europe varies enormously. For example, the annual average of sunny days in Hamburg, 
Germany is 50 while in Madrid, Spain it is 194 [14]. Consequently, in locations with a high 
frequency of sunny skies, ADF,can not be considered as adequate index for indoor daylight 
availability [15]. Other studies [1,16] have developed dynamic metrics, considering the variability 
of natural lighting. If the frequency distribution of indoor lighting is known, Annual Sunlight 
Exposure (ASE) [17] and Daylight Autonomy (sDA) [8] at the given work plane, can be 
calculated, representing specific aspects of daylight, as shown in Table 1. 

1.9 Indoor Daylight Model for All-Sky-Type Luminance Patterns
,,,,,
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Table 1. Annual dynamic metrics for daylighting evaluation considering occupied hours (08:00-18:00 h).  
Metric Temporal 

Analysis (in a point in a space) Target 

Annual Sunlight Exposure 
(ASE) 
 
 

Frequency of occurrency  at a 
point on the working plane that  
receives sunlight greater than a 
threshold value (1000 lux) [18]. 

Analysing the intensity 
of lighting levels that 
causes visual discomfort  
 

Spatial Daylight 
Autonomy (sDA) 

Frequency of occurrency  at a 
point on the working plane 
where  a minimum illuminance 
threshold of 300 lux can be 
maintained by daylight [18].  

Summarizing the 
frequency in which an 
illuminance threshold 
can be maintained by 
natural light on its own.  

 

This study proposes the use of the DeLight method [20] for modeling indoor illuminance taken 
into account all-sky conditions. As main novelty of this study, the sky conditions will be 
experimentally determined from luminance pattern of the sky. Nevertheless, this study has 
adapted it to the CIE Standard sky luminance distribution model [21]. 

2. DeLight method description  

DeLight is a compact daylight simulation tool, developed at Helsinki University of Technology 
[20]. This tool is a Light Transfer Model that allows the calculation of indoor illuminance on the 
surfaces of interest, e.g. on the horizontal surface at a desk level. A simulation can be performed 
for a single point in time and exterior daylight availability, or on a timestep basis for a specified 
run period using either theoretical or measured weather data. Interior daylight levels can be 
calculated for a single reference point, or for multiple points throughout a space to analyze the 
spatial distribution of light. The simulation model DeLight needs the sky luminance pattern, 
directly measured by means of a sky-scanner device, modeled by a sky luminance model, like 
Perez all-weather sky model [22,23] or directly derived from the CIE standard sky [24], previous 
determination of the sky conditions.   

When the sky luminance distribution is known, it is possible to calculate the interior diffuse 
daylight illuminance. The calculation of the interior beam illuminance is quite straightforward, 
given the position of the sun and the room geometry if the sky luminance distribution is known.  

For each point p on the work plante, DeLight model selects a single patch of the sky from the 
luminance pattern, as Figure 1 shows. The indoor horizontal illuminance at the point p on the 
work plane of the room is calculated by Eq. 1. It splits the global illuminance into three 
components; diffuse, beam, and reflected indoor illuminance. ܮ = ,ܮ + ,ܮ +  ,ோ                          (1)ܮ

The beam component, ܮ,, is a function of the geometry of the room and the horizontal beam 
illuminance measured outdoors. A complete description of the calculation of the ܮ,, can be 
found in [20]. Diffuse, ܮ,, and reflected, ܮ,ோ, components depend on the luminance patch, and 
the room geometry. Following the nomenclature shown in Fig. 2, they are calculated by Eq. 2 and 
3, respectively: 
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Figure 1. Ray traces from the sky Element. 

Figure 2. Nomenclature description for Eq. 2 and 3. 

,ܮ = ೢ  ଶ ቐ ௭ටమା௭మ  ቌarctan ௫ೢା௪ೢି௫ටమା௭మ + arctan ௫ି௫ೢටమା௭మቍ +
 ௭ට൫ାೢ൯మା௭మ   ቌarctan ௫ೢା௪ೢି௫ට൫ାೢ൯మା௭మ + arctan ௫ି௫ೢට൫ାೢ൯మା௭మቍ       ቑ      (2), 

 

,ோܮ = ೢ  ఘ ோଶ  ቌ ೢටమೢ ା௭మ tanିଵ ௪ೢට௪మೢ ା௭మ +  ௪ೢට௪మೢ ା௭మ tanିଵ ೈඥ௪ೢା௭మቍ +
2ቌ ௪ೢට௪మೢ ା௭మ tanିଵ ೢටమೢ ା௭మ + ೢටమೢ ା௭మ tanିଵ ௪ೈඥೢା௭మቍ         ( 3). 

 is the luminance of the patch that ܮ ; is the distance (m) between the window and the point ݖ
corresponds to the point (ݔݑ݈) ; ℎ is the height (݉) between the bottom edge of the window 
and the point  (݉);  ℎ௪ is the height of the window (݉); ݓ௪  is the width (݉) of the window; ݔ௪is the distance (݉) between the left edge of the window and the left wall; and ݔis the distance 
between the reference point p and the left wall, as Figure 2 shows. ߩ is the outdoor albedo, ݎ௪ is 
the visible light transmittance, and ܴ is average indoor surface reflectance  
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The original design of Vartiainen [20] suggests considering only back reflections. But its model 
was modified by [21] to consider the influence of all interior walls as well.  

3. CIE standar sky classification 
The International Commission Illumination (CIE) [24] classification of skies establishes that the 
illuminance pattern of the sky can be modeled theoretically based on the position of the sun, 
location, and the type of sky. In this way, each sky type has associated coefficients that adjust the 
illuminance pattern to the theoretical formula decribed in equation 4.  

ܮ =  ൬1 + ܿ · ݁ௗఞ − ݁ഏమ ൨ + ݁ · cosଶ ߯൰ቆ1 + ܽ · ݁ ್ౙ౩ೋቇ                                                        (4) 

Coefficients ܽ, ܾ, ܿ,݀, and ݁, Table 3, are defined by CIE [24] as functions of the sky type. ܼ is 
the zenith angle of the sky element and ߯ is the dispersizon angle, calculated from Equation (5): ߯ = cosܼ௦)ݏܿݎܽ cosܼ + sinܼ௦ sinܼ cosหΦ − Φ௦ห)                                                          (5), 

where Φ is the azimuth angle of the sky element, p, ܼ௦ and Φ௦ are the zenith and azimuth angles 
of the sun. The ߯ represents the shortest angular length between the sky element, , and the sun, 
as it is shown in Figure 3. 

Table 3. Parameters of CIE standard sky types [22]. 

Sky a b c d e Sky Description 

I 4 −0.7 0 -1 0 CIE Standard Overcast Sky 

II 4 −0.7 1 −1.5 0.5 Overcast, with steep luminance gradation and 
slight brightening towards the sun 

III 1.1 −0.8 0 −1 0 Overcast, moderately graded with azimuthal 
uniformity 

IV 1.1 −0.8 2 −1.5 0.15 Overcast, moderately graded, and slight 
brightening towards the sun 

V 0 −1 0 −1 0 Sky of uniform luminance 

VI 0 −1 2 −1.5 0.15 Partly cloudy sky, no gradation towards the 
zenith, slight brightening towards the sun 

VII 0 −1 5 −2.5 0.3 Partly cloudy sky, no gradation towards the 
zenith, brighter circumsolar region 

VIII 0 −1 10 −3 0.45 Partly cloudy sky, no gradation towards the 
zenith, the distinct solar corona 

IX −1 0.55 2 −1.5 0.15 Partly cloudy, with the obscured sun 

X −1 0.55 5 −2.5 0.3 Partly cloudy, with the brighter circumsolar 
region 

XI −1 0.55 10 −3 0.45 White-blue sky with the distinct solar corona 

XII −1 0.32 10 −3 0.45 CIE Standard Clear Sky with low polluted 
atmosphere 
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Sky a b c d e Sky Description 

XIII −1 0.32 16 −3 0.3 CIE Standard Clear Sky, polluted atmosphere 

XIV −1 0.15 16 −3 0.3 Cloudless turbid sky with the broad solar 
corona 

XV −1 0.15 24 −2.8 0.15 White-blue turbid sky with the broad solar 
corona 

Trengeza proposed in 2004 [25] a modification of the original criterion to define the CIE sky type 
[26] for low latitude locations. The case of Burgos, where the most frequent CIE typologies in 
Burgos -overcast, partial, and clear- are the one, eight, and twelve, which corresponds to overcast 
with a steep gradation and azimuthal uniformity, partly cloudy, with a bright circumsolar region, 
and very clear/unturbid with a clear solar corona respectively [27].  Fig 3 shows a picture of the 
sky, the experimental luminance pattern, and the one predicted by the CIE standard. 

 

Figure 3. Example of luminance patterns. CIE sky type XII (recorded 2019/07/19 11:00 utc) ; CIE sky 
type I (recorded 2018/01/06 10:30 UTC). CIE sky type VII (recorded 2019/04/15 08:30 utc). 

1. Case Study 
This work proposes the use of the DeLight model [20] to predict indoor illuminance for all sky 
conditions. This work can improve the daylight integration during the building design stage. The 
inputs of the model are room geometry, sky luminance distribution, and diffuse illuminance.  

A scale building, shown in Figure 4, and described in Table 3, has been set up for outdoor tests, 
in which indoor illuminance, sky luminance distribution, and diffuse illuminance data are 
registered every ten minutes during a experimental campaign extended from (from  01 July 2021 
to 21 Aug 2021). Five luxmeters (model EKO ML 020P) were located inside the scaled room in 
the points described in Table 4, for recording the indoor illuminance.  

Global and diffuse horizontal illuminance and beam illuminance are recorded in the meteological 
and radiative facility of the research group SWIFT, at University of Burgos, and described in 
previous works.The scale building is located in the same place that the meteorological station. 
The sky luminance distribution is determined using a Sky-scanner model EKO MS-321LR (SS), 
and the CIE standard sky classification (CIE).  
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Figure 4. Model of the scale building prototype and location of the lux sensor.   

Table 3. Properties and design of the scaled building. 
Element Properties Ref. 

Black indoor 
surfaces Reflectance ( ܴ)            0.079 Reflectance and transmitance were 

tunned according to ASHRAE Guideline 
(2014) [28] at the facility. 3mm think glass  Transmittance (ݎ௪)         0.74 

Ground surface  

(concrete and 
pavement)  

Albedo (ߩ)                       [29] 0.5 

Table 4. Location of the luxmeters inside the scaled building shown in Figure 3.  
Parameters P1 P2  P3 P4 P5 ܼ 0.375 m  0.5 m 0.5 m 0.75 m 1.1250 m ݔ 0.5 m  0.25 m 0.75 m  0.5 m  0.5 m 

2. Results and discussion 

The DeLight algorithm aims to model the buildings indoor illuminance components to obtain the 
illuminance distribution profiles in buildings. A great diversity of methods can be used for this 
purpose, implemented in different softwares like Daysim [30],  Radiance [31], OpenStudio [32], 
HoneyBee [33], DIVA [34] or DesignBuilder  [18]. To analyze DeLight goodness, experimental 
indoor illuminance measurements from the five luxometer have been recorded for all-sky 
conditions and compared with the DeLight model calculations at the same points. Two different 
values of the modeled illuminance at each point has been calculated: one using the experimental 
sky luminance pattern (SS), and  other derived from the CIE standard sky previous caracterization 
of the sky type (CIE). The traditional statistical indicators Mean Bias Error, MBE (%), and Root 
Mean Square Error,  RMSE(%), defined by Equations 6 and 7, have been used as goodness 
indices.  
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ܧܤܯ = 100 ∑(ܺ௫ − ܺௗ)(ܰ − 1) ܺ௫തതതതതത   (Eq. 6), 

ܧܵܯܴ   = 100ܺ௫തതതതതത  ඨ∑൫ܺ௫ − ܺௗ൯ଶܰ − 1   (Eq.  7), 

 

where ܺ௫ is the experimental illuminance recorded at point p (1,2,3,4, and 5) by the luxmeters 
inside the scale building prototype, and ܺௗ is the DeLight modelled illuminance at the same 
point. 

Table 5 shows the results of the statistical indices MBE and RSME calculated for each of the 
experimental points and for each of the sky luminance pattern. DeLight gets good performance 
in all locations when the experimental sky luminance pattern is used for calculations. In addition, 
the luminance pattern of the CIE standard proved to be very effective. Comparable results are 
found over the world [21,35]. 

Table 5. RMSE and MBE of each point of measure (P1, P2, P3, P4, and P5) 

Location DELIGHT 
MODEL RMSE (%) MBE 

P1 SS 23.28 3.59 
CIE 18.89 -4.66 

P2 SS 18.03 0.65 
CIE 18.45 -7.15 

P3 SS 19.97 4.65 
CIE 16.07 -2.27 

P4 SS 24.61 -4.77 
CIE 20.38 -4.60 

P5 SS 24.26 6.85 
CIE 22.94 7.58 

The IESNA [8] recommends a minimum level of 300 lux for an adequate development of the 
daily human activities. Therefore, illuminance levels higher than 1000 lux can cause glare and 
visual discomfort.  Figure 5 shows the Frequency Of Occurrence (FOC, %) of a illuminance level 
higher than 300 lux (a) and 1000 lux (b), respectively, in the measurement points. The inner circle 
refers to experimental data, the middle one to DeLight predictions from SS, and finally, the outer 
one to DeLight predictions from CIE. According to this metrics.  

The daylight illuminance widely varies across the work plane, from the front area, near the 
fenestration, to the backside of the room. Figure 5-a is the FOC of the luminance greater than 300 
lux, that links with the recommended illuminance levels for humans [8]. According to this metric, 
the best locations are near the windows. Figure 5-b  is the FOC of the luminance greater than 
1000 lux, that links to the discomfort on humans [8]. It shows the strong dependence of the 
average illuminance with the size and position of the windows.  

On the other hand, Figure 5 shows the high agreement of the predictions of  DeLight model using 
the experimental luminance pattern and the DeLight model using the the CIE standard compared 
the experimental indoor measurements.  
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(a)                                                      (b) 

Fig. 5. FOC of the sDA threshold (a), and ASE threshold (b).  The inner circle refers to experimental data 
from luxometers, the middle one to DeLight predictions from SS, and finally, the outer one to DeLight 

predictions from CIE.  

3. Conclusions 

Daylight plays a fundamental role in human behavior and health and improve the energy 
efficiency in buildings. Main difficult to obtain the indoor illuminace distribution is the 
calculation of the contribution of the diffuse outdoor illuminance and the reflected component in 
each of the interior surfaces. DeLight uses a Light Transfer Model that simplifies the calculation 
of indoor illuminance, when the luminance pattern of the sky is known. This study case has 
compared the use of the luminance pattern directly derived from the CIE standard sky 
classification and the experimental luminace pattern determined by a sky scanner.  Results has 
demonstrated that the CIE standard obtain good prediction of the indoor illuminance distribution. 

The analysis distribution of the indoor illuminance allows stablished the visual comfort conditions 
in the building. When the study is done considering the occupied hours the needs of artificial 
lighting or shading devices can be determined. Therefore daylighting consideration at the design 
stage  can contribute to energy efficiency and visual comfort  in buildings.  
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