
 

 

 

Abstract— This study examines the relationship between the 

angle of incidence of light transmitted from a vertical window and 

the mean illuminance on the working plane.  The reason for such 

study is to investigate on the possible. This is in order to investigate 

in dealing with the daylight transmitted to the internal surfaces as a 

quantity without consideration of the direction from which it arrives 

or the direction to which it is transmitted, the variation of the mean 

working plane illuminance due to variation in such a direction should 

be insignificant 

 

Keywords—Daylight, Clear sky, angle of incident of light, sunny 

regions  

I. INTRODUCTION 

AYLIGHT has been used in buildings, due to its benefit 

in reducing energy consumption through its use as a main 

or secondary illumination source in order to replace the 

use of electrical lighting [1]–[6] To utilize daylight effectively 

several guidelines and recommendations have been proposed 

[7]–[12]. When designing for natural light under overcast sky 

conditions the designer can use simple, well established 

techniques, such as the average daylight factor method to 

calculate the internal illuminance [13]. In such method, the 

external vertical illuminance  is dealt with as a one quantity. 

However, in the case of sunny skies the issue is different.  The 

design of buildings, in general, is influenced by several 

factors.  Cultural, climatic, economical, social and 

technological factors are among the main ones [14].   

In hot arid regions, due to the high intensity of solar 

radiation, the design of buildings will be very much influenced 

by solar gain.  The utilization of natural light in such areas 

should be integrated with a range of thermal considerations 

that affect the geometry of a building.  Problems associated 

with admitting natural light through windows in such regions 

are the effects of heat gain, glare and fading and deterioration 

of materials [15].  Solving these problems requires careful 

consideration of climatic conditions and an understanding of 

the surrounding luminous environment [16]–[21]. 

The subject of planning and design in hot regions has been 

addressed by several researchers and recommendations have 

been proposed [22]–[28].  These recommendations, mainly 

related to protection from the effects of solar radiation, have a 
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major influence on designing for natural lighting.  These 

forms of protection will affect the design and size of openings 

and the way of utilizing natural light in sunny regions.  The 

use of shading devices, screens, small windows, and the 

compact form of layout of buildings will minimize the 

exposure of windows to sky and will not allow for direct 

sunlight inside the rooms.   These factors, in addition to the 

low level of brightness of the clear sky in a hot climate [29], 

indicate that the optimum source of natural light is reflected 

sunlight.  This is reflected from the ground, opposite facades, 

shading devices and from the screens in front of the windows.  

Because these tend to have high reflectance, often in order to 

minimize internal heat gain, the intensity of the reflected light 

is also often high. However, most available techniques for 

predicting internal daylight they do not take into account 

reflected sunlight, nor the fact that the direction of the 

illuminance could be upwards, not downwards from the sky. 

Under clear sky conditions, light can reach the internal 

space of a room from different directions.  It can come directly 

from the sky or be reflected from the ground or from any 

external surface.  The window transmittance system can direct 

the light entering the room to any selected surface.  In order to 

deal with the light transmitted to the internal surfaces as a 

quantity without consideration of the direction from which it 

arrives or the direction to which it is transmitted, the variation 

of the  mean working plane illuminance due to variation in 

such a direction should be insignificant. This necessitates a 

primary investigation into the relationship between the angle 

of incidence of light on the internal room surfaces and the 

average illuminance on the working plane. 

To examine such a relationship, a fixed window area is 

assumed. Then, the light transmitted inside the room can be 

assumed to reach a certain location on the room surfaces.  For 

such condition, the mean illuminance on the working plane is 

calculated.  To test another angle of incidence of light, the 

same illuminance on the window pane is assumed to reach a 

different location on the room surfaces, and then, the mean 

illuminance on the working plane is calculated.  The task here 

is to find the average internal illuminance on the working 

plane for each location receiving the light as a single case.  

Such an investigation will show the effect of the change in 

direction of the incident illuminance on the average internal 

illuminance. For a detailed investigation, all possible angles of 

incidence of light on the room surfaces should be investigated. 

Different angles of incidence of light mean different 

locations of light received on the room surfaces.  Therefore, 
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the investigation could involve the different locations where 

light falls on the room surfaces rather than angles of incidence 

of light.   

In order to investigate the relationship between the location 

of the light received and the mean illuminance on the working 

plane level, the following procedure was used: 

1. The illuminance on the external plane of the window and 

the transmitted light were assumed. 

2. For such light, different locations were assumed to receive 

such illuminance one at a time. 

3. For the light received at each location, the average internal 

illuminance was estimated. 

II.  ESTIMATING THE MEAN ILLUMINANCE ON THE WORKING 

PLANE LEVEL 

 The mean illuminance on the working plane due to an 

external lighting source is the sum of two components; the 

direct component and the inter-reflected component.  The 

direct component is light transmitted directly from the external 

source to the working plane level.  The inter-reflected 

component is light reaching the working plane level from the 

visible portions of the room surfaces after the inter-reflection 

process. Estimating the direct component reaching the internal 

surface of a room is a straightforward process. The inter-

reflected component in this study was estimated by dividing 

room surfaces into small finite elements [30] (Fig. 1).  Initial 

illuminance on each element is computed and considered to be 

uniform.  This approach to measuring inter-reflected light is 

known as the radiosity method [31] which is based on 

calculating light transfer between each element and the other 

visible elements.   

The total illuminance on element i, after each reflection, is 

equal to the direct illuminance incident on this element plus 

light reflected from all other visible elements.  This total 

illuminance can be expressed by a linear equation.  The 

reflected light from the other elements is a function of the 

luminance of each visible element and the geometric 

relationship between each element and element i.   

In general the radiosity method can be divided into three 

main steps [32].  These are: 

1. Estimating the initial illuminance on each element. 

2. Estimating the geometric relationships that determine the 

transport of light between each element and all other 

visible elements, known as the form factor. 

3. Solving the resulting system of simultaneous equations in 

order to find the total illuminance on each surface.  

After calculating the final illuminance on each element of 

the room surfaces, the final illuminance on the working plane 

will be equal to the light reaching from the visible portions of 

the surfaces to the working plane plus the direct illuminance 

on the working plane (Fig. 1). 

 

 
Fig. 1 The working plane level is divided into small elements, 

where the total illuminance on each element is computed separately 

III. THE RELATIONSHIP BETWEEN THE LOCATION OF THE 

RECEIVED ILLUMINANCE AND THE MEAN ILLUMINANCE ON 

THE WORKING PLANE 

For the purpose of investigating the relationship between 

the location of the received illuminance and the mean 

illuminance on the working plane, this relationship was 

expressed by a coefficient which has been called "Grid-

Element coefficient, GE ", where; 
  

 
 

A comparison between these coefficients for different 

locations on the room surfaces will provide the profile for 

such a relationship. .For this purpose, the geometry of two 

rooms was selected to perform the required investigation as 

follows: 

1. Two rooms were tested.  The first was 5.1 meters in 

width, 5.1 meters in depth and 3.4 meters in height.  The 

second room was 5.1 meters in width, 8.5 meters in depth 

and 3.4 meters in height. 

2.   The reflectance of surfaces was assumed to be 0.25 for 

the floor, 0.50 for the walls and 0.70 for the ceiling. 

3. The room surfaces were divided into small, square grid-

elements, 0.85 meters by 0.85 meters.  Due to the fact that 

the height of the working plane level was assumed to be 

0.85 meters and the grid-element size has to be squared 

for form factor estimation, the dimensions of the grid-

element were influenced by the height of the working 

plane level. 

4. During each test the GE coefficient was calculated from a 

given illuminance on a chosen grid element of the room 

surfaces. 

IV. RESULTS AND ANALYSIS 

The Grid-Element coefficient was calculated for all 

elements of the two rooms tested.  Fig. 2 shows the results for 

the square room (5.1 by 5.1).  Each grid represents a grid 

element on the room surface.  The numbers shown are the 

ratios of the mean illuminance on the working plane level as a 

result of a light incident on a selected grid element to the 

illuminance on that grid element (the GE coefficient).   

These coefficients are based on light received on the 
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working plane level through inter-reflection only.  When 

direct light is incident on the working plane level, then the 

coefficients for grid elements below the working plane level 

will be higher. 

The grid-element coefficient in this case (called  GE') will 

be equal to: 

 
Flux received by any patch below the working plane level 

from a window above the working plane level will always be 

equal to the flux incident on this working plane level. Fig. 2 

give the GE and GE' coefficients for the two rooms tested, 

where the effect of direct light reaching the working plane 

level is included.   

The figure shows the importance of the location of grid 

element in generating the highest amount of mean illuminance 

on the working plane level.  It is clear that when light is 

incident directly in the middle of the floor surface, the highest 

amount of mean working plane illuminance can be achieved.  

On the other hand, the lowest mean illuminance on the 

working plane level will result when light is incident on the 

upper corners of the room. 

These coefficients can be used to find the average 

illuminance on the working plane level.  This is done by 

multiplying the GE coefficient for a grid element by the 

illuminance on such an element. In order to illustrate the effect 

of a change in the angle of incidence of light, two examples 

were used.  The first was to show the effect of a change in the 

altitude of the direction of light, Fig. 3, and the second was to 

show the effect of a change in the azimuth of the direction of 

light for the same room.  Both rooms have the same window 

area (0.85 by 0.85), the same vertical illuminance and the 

same geometry (5.1 x 5.1 x 3.4). 

At each angle of incidence there is a need first to determine 

which surface element receives the light, and the illuminance 

on this surface element.  Then, the mean illuminance on the 

working plane for each angle of incidence can be calculated as 

follows: 

 
where: 

Ew = the mean illuminance on the working plane (lux) 

i    = number of grid elements receiving the illuminance at the 

investigated angle of incidence 

Ev = the illuminance on the window wall 

    = transmittance of window system 

Fig. 4 shows that there is a significant difference between 

the effect of light incident below the working plane level and 

light incident above the working plane level.  Figure 5 shows 

that there is no such effect when light is incident below the 

working plane level. Fig. 6 illustrates a comparison between 

all GE and GE' coefficients of the square room. This figure 

indicates that there is a big difference when light is received 

on patches below the working plane level.  Therefore, a 

distinction should be made between light received below the 

working plane level and light received above the working 

plane level.  

 
Fig.2 An illustration for GE and GE' coefficients for a room of 5.1 

x 5.1 x 3.4 

 

 
Fig. 3 An illustration of a room where the effect of a change in the 

angle of altitude of the incident light needs to be investigated 

 

Based on the above approach, Figures 4 and 5 were 

produced to illustrate the effect of the angle of incidence of the 

two examples.  
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Angle of incidence of light 

Fig. 4 The effect of a change on the altitude of the source of light 
 
 

 
Angle of incidence of light 

Fig. 5 The effect of a change on the azimuth of the source of light 
 

 

From Fig. 6, and for light received on patches above the 

working plane level, the maximum difference between the GE 

coefficients is found to be 57%.  For light incident on patches 

below the working plane level, the maximum difference 

between the GE' coefficients can reach 3.6%..  Therefore, 

when light is incident on patches below the working plane 

level the direction of incident light can be assumed to be 

insignificant.  By contrast, when light is incident on patches 

above the working plane level, the direction of incident light is 

a significant issue. 
 

 
The different grid elements on the room surfaces 

Fig. 6 A comparison between all GE and GE' coefficients of the 

square  room (5.1 x 5.1) 
 

These findings are for cases involving only one direction of 

light:  light from above the working plane level (from the sky) 

or light from below the working plane level (from the ground).  

However, this is not the case under real circumstances.  In 

reality, light will come from all angles around the window.  

Therefore, the effect of the angle of incidence of light will be 

much less, depending on how much light reaches the window 

plane from each direction.   

In order to estimate the effect of angle of incidence for light 

reaching parts of the room above the working plane level, 

where the effect of such angle might be significant, the 

following formula can be used: 

 
where: 

GE1= the maximum GE coefficient for locations above the 

working plane level 

GE2= the minimum GE coefficient for locations above the 

working plane level 

GE’2= the minimum GE’ coefficient for locations below the 

working plane level 

Lb= quantity of light reaching the window from below the 

working plane level 

La= quantity of light reaching the window from above the 

working plane level 

Therefore, if light reaches the window from just two 

directions, that is, light from above and below the working 

plane level, and they are equal, the maximum possible error 

due to the effect of the angle of incidence of light reaching 

parts of the room surfaces above the working plane level (for 

the 5.1 x 5.1 room) can be estimated as follows: 

 = 
0.0139 - 0.0059

 0.0139
    x    

1 x .0139

 1 x .0139 + 1 x .0293
      

 = 0.19 

When light incidence from below the working plane level is 

equal to three times as much as light incidence from above it, 

the maximum possible error will be: 

 =   
0.0139 - 0.0059

 0.0139
    x    

3 x .0139

 3 x .0139 + 1 x .0293
      

 = 0.34 

These results indicate that if light reaching the window 

plane is dealt with as two components, that is, light incident 

from above the working plane level and light incident from 

below the working plane level, then the effect of the 

luminance distribution of sky or other emitting sources, such 

as ground and opposing facade, is insignificant.  Significant 

error might exist when light incidence from below the working 

plane level is very large compared to light incidence from 

above the working plane level.   

When light incident on the window plane needs to be dealt 

with as one component, as in the Average Daylight Factor 

method, the issue will be different.  This is due to the large 

effect of the angle of incidence on the average internal 

illuminance between the two components (light from above 

and light from below).  The ratio of the average of all GE 

coefficients (for locations above the working plane level) to 

the average of all GE' coefficients (for locations below the 

working plane level) is about 1:3.  Therefore, any method 

proposed should consider such an issue. 
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