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Preface

The present report documents the results of a study on daylight conditions in
simple rooms of residential buildings. The work was carried out under the
research project 751- 020: “Grundlag for metode til forenklet beskrivelse af
dagslyskvalitet i simple rum i boliger, Fase 2” (Basis for a method to describe
daylight quality in simple rooms, Phase 2). The overall objective of the study
was to develop a basis for a method for the assessment of daylight quality in
a room with simple geometry and window configurations. As a tool for the
analyses the Radiance Lighting Simulation System was used. This study is a
comprehensive extension of Phase 1, documented in By og Byg Documen-
tation 047: Impact of three window configurations on daylight conditions. In
the present study, a large number of simulations were performed for the
three rooms (window configurations) under overcast, intermediate, and 40-
50 sunny sky conditions for each window (7 months, three orientations and
for every other hour with direct sun penetration through the windows).

This research project was supported by VELUX A/S.
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April 2006

Claus Reinhold
Head of Department



Introduction

This report presents the results of simulations of daylight conditions in three
rooms with three different window configurations:

— a vertical window,
— adormer window and
— a roof window.

The simulations were performed using the original UNIX-based Radiance
Lighting Simulation System (Ward Larson & Shakespeare, 1998) as well as
a Windows version included in the AutoCAD Desktop program. The aim of
this project was to compare daylight conditions in three rooms under over-
cast, intermediate, and sunny sky conditions for different orientations at dif-
ferent months and times of the day. The three rooms studied had similar
floor area and floor to ceiling height. They also had identical glazings (area
and glass combination), glazing height and identical wall, floor, and ceiling
reflectances. In order to establish a method for the assessment of daylight
quality in a room, a number of daylight parameters were investigated:

— Horizontal illuminance and daylight factor

— Cylindrical illuminance, centre of room, horizontal and vertical plan
— llluminance on cube, centre of room

— Vertical-to-horizontal illuminance

— Luminance distribution

— Luminance ratios, perspective view towards window

— Average luminance in the field of view, 40° band

— Daylight Glare Index (DGI)

— Luminance Difference Index (LD index)

— Scale of shadow

In addition, the need for using a solar shading device for each of the three
windows was assessed over a whole year under typical weather conditions
as defined in the Danish Design Reference Year (DRY). Finally, the differ-
ences in lighting conditions when using a 3-layer glazing unit with 2 low-e
coatings, instead of a typical 2-layer low energy glazing with 1 low-e coating,
were examined.



Main findings

General description of the lighting conditions in the three rooms

This study showed that the roof window provided significantly more light in
the room than the vertical and dormer windows at all times except at solar
altitudes below 25° (winter) under sunny conditions. Under these particular
conditions, the vertical window resulted in higher illuminances than the roof
window because of its geometry with respect to the sun and the way the di-
rect sunlight patch was reflected from the inner surfaces of the room.

Despite an identical window area, the roof window yielded a daylight fac-
tor that was about twice as high as that of the vertical window and more than
three times as high as that of the dormer window. This result is important
because the daylight factor was measured under an overcast sky, a condi-
tion which prevails in Denmark more than 65 % of the time. A higher daylight
factor certainly has important implications for visual performance (ability to
see well because there is enough light) as well as energy savings because it
means that artificial lighting has to be switched on less often with the roof
window. From a perceptual point of view, the roof window will make the
room appear substantially daylit (see CIBSE, 1994) since it is the only solu-
tion for which the daylight factor values exceed 5% for a substantial portion
of the room (15%).

In addition, the roof window provided more acceptable light transitions in
the view towards the window because of the linings surrounding the window
area and because of reflected light from the back of the room towards the
window wall. The roof window thus generated lower contrasts between the
window area and surrounding surfaces, which also resulted in less glare, as
confirmed by the Daylight Glare Index (DGI) calculations.

Finally, it is worth noting that the roof window created a slightly better
modelling (on a three-dimensional object like a sphere) than the dormer win-
dow because it provided a strong component of direct light as well as dif-
fuse, reflected light on the shaded side of the sphere. These lighting condi-
tions are ideal for the appreciation of sculptures or three-dimensional objects
like human faces as suggested in the general lighting literature (e.g.
Lechner, 2000, and others).

The only negative result for the roof window concerned the extremely
large size and intensity of direct sunlight patches during summer, which
means that the need for using a shading device would be acute during this
period. However, it is worth noting that the roof window also resulted in
smaller direct sunlight patches during winter than the vertical window. Here,
it should be mentioned that, from an energy point of view, it is preferable to
use a shading device during the summer (to cut overheating) than during the
winter when free solar heat gains and sunshine are welcome in the house.

The study also showed that the dormer window generally created a "tun-
nel" effect, yielding a more concentrated light beam and lower light levels in
the room, with darker, gloomier interior surfaces (walls). The low illumi-
nances and daylight factor found could severely affect visual performance
and create a demand for switching artificial lights more often or increasing
the window area (both of which have a negative impact on energy savings).
Indeed, the daylight factor values were below 2 % for the whole room area,
which means that there will be only 200 lux of illumination under an overcast
sky of 10,000 lux (standard value used for Northern Europe). This amount of
light is nearly sufficient for accomplishing visual tasks like reading a book, for
example.



In addition, the dormer window created a poor light modelling on a sphere
because of the lack of diffuse reflected light on the shaded side. This makes
three-dimensional objects appear flatter, as suggested by Frandsen (1989).

However, it is worth noting that the dormer window provided better light
transitions in the view towards the window than the vertical window because
the dormer window had linings surrounding the window area, which were
relatively bright since they were directly daylit. However, the contrast be-
tween the dormer window’s linings and surrounding window walls was large
and might in itself be a source of discomfort glare. This effect was not stud-
ied, but the non-conservative recommended luminance ratios of 1:20 (see
IES, 1993) were largely exceeded in this case.

Finally, the study showed that there were generally less and (often not
significant) differences in lighting conditions between the roof and vertical
windows than between the roof and dormer windows. The vertical window
had a lower vertical-to-horizontal illuminance ratio than the roof and dormer
windows, indicating more balanced, three dimensional lighting, as suggested
by Love and Navvab (1994). However, it should be mentioned that there is
not enough scientific evidence at the moment proving that this indicator cor-
relates with lighting quality and that the benchmark values (2-3) suggested
by the authors are universal.

Conclusions concerning the methodology

The aim of this study was to develop a basis for a method to study and de-
scribe daylight quality in simple rooms. In this perspective, it makes sense to
include some conclusions specifically related to the methodology used.

First of all, it was found that the large number of indicators, times (espe-
cially concerning sunny conditions) and orientations resulted in an extremely
large data set to analyse. The analysis, handling and even transfer problems
associated with such a large data set made it difficult to discuss and even
represent all the results in detail in the final report and to come to a satisfy-
ing conclusion that faithfully represents what was found and observed and
that is comprehensible for the reader.

It was also found that the mere representation of such large amount of
results was a problem in itself (and demanded at one point the creation of a
website and browser). Specifically, the inclusion of the time variable (a spe-
cific characteristic of daylight studies) introduced a problem of representation
on a two dimensional sheet of paper (this report) since for each indicator (or
variable) there are four dimensions to represent:

— the intensity of the variable or indicator (e.g. the luminance)
— the distribution in three dimensional space (x, y, z)
— the variation in time.

A solution for future studies would be to provide final results in the form of
computer animations that make it possible to include the time dimension in
compressed time.

The results found for the sunny situations suggest that it would be possi-
ble in future studies to substantially reduce the number of sunny times by
making a preliminary analysis of the position of sunlight patches in the room
and including times surrounding important changes in sunlight patch position
or geometry. In the present study, it was found that the position of the
sunlight patch was an important determinant of the general lighting levels in
the room. When the sunlight patch on the light coloured walls became larger
with the vertical than with the roof window due to lower sun position, the
room suddenly became lighter with the vertical window. There was a sudden
change in light conditions caused by the sunlight patch position and size.
Since daylight conditions were fairly stable before and after this substantial



change, it appears unnecessary to study a large amount of times in the in-
tervals where the geometry and size of sunlight patch are fairly stable.

Finally, there were a large number of indicators included in this study.
This allowed understanding and describing the geometry of daylight in the
space in a very detailed and thorough manner. The inclusion of the daylight
factor, horizontal illuminance, luminance distribution as well as cylindrical il-
luminance, and even the Daylight Glare Index (DGI), vertical-to-horizontal il-
luminance ratio and scale of shadow gave valuable information allowing a
detailed description of the three-dimensional geometry of daylight in the
space. The horizontal illuminance and daylight factor provided valuable in-
formation related to the general lighting level, which is connected with visibil-
ity (visual performance) and energy use. The luminance in the field of view
gives information about contrasts and luminance transitions, which are
closely connected to glare issues, visual comfort and quality of the view to-
wards the window. This information was in accordance with the results from
DGl calculations. The analysis of absolute luminance and sunlight patch size
indicated the need for using a shading device for each season. The cylindri-
cal illuminance is a quick calculation which provides valuable, complemen-
tary information and gives a comprehensive, overall picture of light geometry
in space measured for horizontal or vertical plans. The vertical-to-horizontal
illuminance ratios and scale of shadow are related to the three-dimensional
light geometry in space and give additional indication about the way light is
incident on objects in the room, how they will be perceived and appreciated.
However, as mentioned earlier, there is not enough scientific evidence at the
moment proving that the vertical-to-horizontal illuminance ratio correlates
with lighting quality and that the benchmark values (2-3) suggested by the
authors are universal.

Regarding the Luminance Difference Index, this study has shown that this
indicator required long calculation times (about 8 hours for each point in the
diagram) and still provided results that were difficult to interpret. The only
observation that could be made in this case was that the results found for
the different cases were similar except for a few times when the sunlight
patch fell within the “measuring” plan. Since this indicator is meant to corre-
late with light variation and quality, the results found in this study would
mean that there were no significant differences in light variation between the
three cases, at least for the times studied. However, the results obtained
from the horizontal illuminance and luminance distribution analyses indicated
that there were in fact quite large differences between the three windows in
the range of luminance and illuminance values obtained (i.e. higher ampli-
tude in luminance and illuminance values for the roof window). As for the
vertical-to-horizontal illuminance ratio, there is not enough scientific evi-
dence at the moment (and no clearly identified benchmark value) proving
that the Luminance Difference Index can reliably be used to assess light
quality in a space similar to the one studied here. (It was developed from
measurements in fully furnished and populated library buildings).

The Daylight Glare Index was developed by Hopkinson (1970-71, 1972)
who modified the Glare Index for small glare sources to large glare sources
such as windows. To validate his calculation method, he asked (small)
groups of people to judge the level of discomfort due to glare in a daylit
space (diffuse light from the sky). He found that people in general tolerated
daylighting "glare" better than glare from other light sources. He suggested
that this may be either because people are used to daylight glare and do not
consider it to be stressful or because people value the view so high that it
outweighs the problem of discomfort glare. The room used for this research
was a standard rectangular room with a vertical window. There has been a
number of subsequent studies (lwata et al, 1991 and Parpairi et al, 2001)
showing that this indicator can lead to unreliable results of glare estimation
and correlates poorly with daylight quality. Furthermore, this indicator was
never correlated with glare or light quality in a room with direct sunlight or



with shading devices like Venetian blinds. Nevertheless, the Daylight Glare
Index remains the most widely used indicator despite its accepted limitations
(Wilks and Osterhaus 2003, Velds, 2001). Particular concerns exist about
the treatment of source and background luminance relationship in DGI. In
practical terms, this tends to lead to overestimation of the impact of back-
ground luminance in scenes with large glare sources covering most of the
observer's visual field.

In conclusion, it should be mentioned that there is no universal definition
of light quality. The approach in this study was to analyse differences in day-
lighting conditions for a number of lighting parameters. This included a de-
tailed analysis of three-dimensional light geometry in 3 rooms with different
window configurations. The results gave clear indications of, for instance,
which room would be the brightest, under which conditions might glare be a
problem and which type of window would yield the greatest variation (or vis-
ual interest). However, there is still not enough fundamental scientific re-
search that enables us to put qualitative numbers for each of the indicators,
or in any way "sum up daylight quality" for all parameters. Therefore it would
be interesting to continue this research with either scale or full scale models
and research subjects in order to establish which of the parameters (or com-
bination of parameters) studied would result in the best correlation with day-
light quality ratings by real subjects.

Horizontal illuminance and daylight factor
Overcast sky condition

— The roof window resulted in a significantly higher illuminance level and
daylight factors on a horizontal plane (0.7 m above floor level), i.e. more
than twice as high compared with those the vertical window, and more
than three times as high compared with those of the dormer window.

— Under the roof window, nearly 100 % of all daylight-factor values were
above 1 %, 50 % were above 2 % and about 15 % were above 5 %. In
comparison, the dormer window had no values above 2 % and only 30 %
of daylight-factor values above 1 %. With the vertical window there were
20 % of the values above 2 % and 80 % above 1 %.

— The roof window provided a wider range of daylight factor values com-
pared with the vertical and dormer windows, which indicates a larger
variation in lighting. This variation may be preferable since previous re-
search found that people prefer an interior to possess a measure of “vis-
ual lightness” combined with a degree of “visual interest” (visual interest
applies to the non-uniformity of the light pattern).

Intermediate sky conditions

— The simulations showed similar differences in the illuminance patterns as
for the overcast sky conditions: Both with South and West orientations the
general illumination level was significantly higher under the roof window,
while the peak value was about 10 % higher than for the vertical and
dormer windows.

— The variation or distribution in illuminance level was significantly wider
under the roof window than with the two other windows. Both the vertical
and the dormer window had quite narrow illuminance distribution curves,
with 80 % of the values below 600 lux for the South orientation and 98 %
of the values below 300 lux for the West orientation. This may be per-
ceived as too uniform or even dull with lack of visual interest when com-
pared with the variation under the roof window.
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Sunny sky conditions

At high solar altitude, above 30°, the illuminance levels on a horizontal
plane (0.7 m above floor level) were often significantly higher with the roof
window than with the two other windows.

For the South orientation, peak values were typically 20 % higher, while
averages were often 100 - 500 % higher with the roof window than with
the vertical and dormer windows.

At sun positions lower than 25° altitude, the illuminance was typically
higher with the vertical window than with the roof window. However, even
though the general level was somewhat higher with the vertical window,
the peak illuminance was highest under the roof window.

At sun positions in the interval 25° - 30°, the levels were about the same
for the roof and the vertical windows. In almost all cases, the dormer win-
dow had the lowest illuminance levels.

The patch of direct sunlight was often significantly bigger under the roof
window than the patches in the rooms with the vertical and dormer win-
dows, which also explained why the general illuminance levels were
higher with the roof window.

Cylindrical illuminance (sunny sky conditions)

The cylindrical illuminance patterns (for all months) of the three windows
showed that the sunlight created a much brighter space under the roof
window, especially when compared with the dormer window.

The cylindrical illuminance patterns with the dormer window were quite
narrow in the angle towards the window, especially for the summer and
spring months. This indicated low luminances on the sidewalls (little re-
flected light) because the geometry of the dormer window and the linings
act somewhat like a “light duct”.

The sphere (or a person) at the centre of the room received much more
light with the roof window from all angles of the room, while the dormer
window provided the lowest illuminance in all directions.

llluminance on cube, vertical-to-horizontal illuminance

The recommended vertical to horizontal illuminance ratio of 2-3 was ex-
ceeded at the centre of the rooms for many hours of the year with all
three window types. Generally the ratio was the lowest with the vertical
window.

The illuminances in the window direction were always highest for the roof
window, except for hours when there was direct sunlight on the cube. The
illuminances in the window direction were almost always lowest for the
dormer window.

Many hours of the year, especially during the summer months, the illumi-
nance in the window direction exceeded 6,000 lux with the roof window,
5,000 lux with the vertical window and 4,000 lux with the dormer window.
Even so, the DGI analyses indicated that the dormer window could cause
a sensation of glare more often than the other windows, due to the lower
background illuminance/luminance level.

Luminance distribution

Overcast sky conditions

The luminance of the floor, walls and ceiling was higher with the roof win-
dow than with the other two windows. In contrast, the main inner surfaces



of the rooms were significantly darker with the dormer window, even
compared with the vertical window.

The mean luminance ratios between the window wall and the window
were 1:119, 1:238 and 1:67, for the vertical, dormer and roof windows,
respectively. This caused significant differences in contrast and a greater
risk of a sensation of glare from the dormer window and the vertical win-
dow than from the roof window.

In general the range of luminance values for the dormer window and roof
window, was significantly wider for all surfaces compared with the vertical
window where the interquartile range boxes were rather narrow (compris-
ing 50 % of all values). This indicated that the luminance field was more
balanced in the cases of the dormer and roof windows than in the case of
the vertical window.

The roof window provided higher wall luminance and softer luminance
transitions from the window to the wall area compared with the other two
window types

Sunny sky conditions

At times when the sunlight patch fell on the floor with all three window
types the general lighting level was significantly higher under the roof
window.

At times with low solar altitude, when the sunlight patch fell on the wall,
the general lighting level was often higher with the vertical window than
with the roof window.

At almost all hours the lighting level was lowest with the dormer window.

Luminances in the field of view

The dormer window resulted in a generally darker interior than the two
other window types. The difference between the three cases was largest
in the summer and for hours of high solar altitude.

With the South orientation there were significant areas of luminances in
the view towards the window above 2,000 cd/m? for all three windows
from 10:00 - 14:00 hours in the months March — September. Depending
on the transition between the brightest sunlight patches and the surround-
ings, these luminances (or even lower) could cause glare problems.

The most severe problems with high luminance values in the field of view
(looking towards the window from the centre of the room) occurred in
March-April and August-September months for all three window types,
with the highest frequencies for the roof and the vertical windows.

In the summer months, May-July, the highest luminances occurred with
the roof window, 3-4 % of the view above 10,000 cd/m2. These high lumi-
nance values will certainly cause glare (independent of the background
luminance level) and it would be essential, in these cases, to provide a
shading device.

Around noon, about 1 % of all values were above 10,000 cd/m? in the
winter, October-February, for all window types. In March and September
4-5 % of the field of view had luminances above 5,000 cd/m?, while in
April and August 3-5 % of the view had luminances above 10,000 cd/m?2.
The dormer window always gave lower percentage of high luminances
than the two other windows but still higher values of the Daylight Glare
Index than the two other window types.

In the horizontal 40° band of the field of view towards the window the
peak average luminance values of the window were always about the
same. However, in all cases, the roof window provided higher wall lumi-
nance in the rest of the view field and softer luminance transitions from

the window area to the wall area compared with the other cases. This is
11
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one reason why the DGI values were lower for the roof window, in spite
the fact that the luminances in most of the simulated hours were higher.

Daylight Glare Index

Overcast and intermediate sky conditions

Under the overcast sky conditions all Daylight Glare Index (DGI) values
were within the “acceptable” range of the scale.

Under intermediate sky conditions the calculated DGI values for the North
orientation were “noticeable” on the discomfort glare scale. For the West
orientation the rating was “acceptable” for all windows, while for the South
orientation the rating was “just acceptable”.

Sunny sky conditions

For the South orientation the DGI rating was significantly worse in the
summer months for the dormer window, in the “uncomfortable” range,
while the ratings were almost the same for all windows “just uncomfort-
able” or “uncomfortable” during the winter months.

The DGI rating seemed to be almost the same for the three window types
when facing West, all going to the “just uncomfortable” range in the winter
months and “uncomfortable” or “just intolerable” range in the summer
months

For the North orientation, the DGI ratings were significantly worse for the
roof window than for the two other window types, rising to the “uncomfort-
able” range in the summer months, May-July. However previous research
(Christoffersen, 1999) indicates that direct sun through North facing win-
dows is likely to be appreciated in spite of the high illuminances.

Luminance Difference Index

The Luminance Difference Index is meant to give a measure of light varia-
tion in space. This measure has been correlated with light quality by Par-
pairi et al (2001). For the South orientation, the results obtained for the
LD45 index were almost identical for the three windows, almost all the
time except at 10:00 and 12:00 hours, in June. At these hours, a sunlight
patch fell within the “measurement zone” of luminance, affecting the re-
sults according to the luminance and size of the sunlight patch in each
case.

It is interesting to note also that the results obtained were somewhat
higher on the LD45 scale in December (South) than for the other times,
indicating that light varies more in the winter, according to a horizontal
plan of measurement. This makes sense since the sunlight patch is inci-
dent on the walls (and not the floor) in December and a higher light varia-
tion should thus be expected at this time.

The calculation of the LD180 index for the South orientation also shows
similar results for the three windows, except in December. This is, again,
a question of sunlight patch position and magnitude but it is hard to un-
derstand the differences obtained between LD45 et LD180 indices. Note
that Parpairi et al (2001) obtained a weaker correlation between daylight
quality and the LD180 index than with the LD45 index.

The results obtained for the West orientation suggest that there were lar-
ger differences between the three windows than for the south orientation
and that the light varied more than in the South since the results were
higher on the LD45 scale.

Overall, it is difficult to interpret the information provided by this index but
the fact that the results are similar most of the time suggests that there



were small differences in light variation between the three windows, at
least for the South orientation. More research is needed to correlate this
index with daylight quality in rooms similar to the ones of this study. (This
index was developed by empirical and physical measurements of lumi-
nance in full scale, furnished and populated library buildings in England).
There is also a need to establish benchmark values of acceptable and
unacceptable luminance variation (upper and lower limits on the LD
scales).

Scale of Shadows

— The concept of “Scale of Shadows” as defined by Frandsen (1989) was
introduced to verify if it was possible to see from Radiance renderings un-
der which circumstances the shape of objects would be most easily rec-
ognised. The spheres modelled in Radiance were approximately the size
of a human head. The concept proved to be useful in order to study the
three-dimensional geometry of daylight space, especially for the area
near windows. A careful observation of light distribution on the second
sphere (probably the most strategic position in the room) showed that the
roof window created a slightly better modelling than the dormer window
because it provided a strong component of direct light as well as diffuse,
reflected light on the shaded side of the sphere. These lighting conditions
are ideal for the appreciation of sculptures or three-dimensional objects
like human faces as suggested in the general lighting literature (e.g.
Lechner, 2001 and others). (Note that photographers often use this light-
ing strategy when making portraits of people).

— A comparison of the spheres also showed that, for most times, there were
smaller differences between the roof and vertical windows than between
the roof and dormer windows. The roof window generally created a
stronger reflected diffuse light component on the shaded side of the
sphere - especially in the lower portion of the sphere — owing to reflected
light from the floor. This made the sphere appear rounder, in most cases
(see overcast sky situation, for instance).

Use of 3-layer glazing

— With the 3-layer glazing the illuminance dropped to 66 % of that found
with the double-glazing, in accordance with the transmittance ratio for the
glazing types.

— Under sunny skies with sunlight perpendicular to the window (e.g. March
at 12:00 hours) the 3-layer glazing reduced the DGI values from “uncom-
fortable to a “just uncomfortable” level for the vertical and dormer win-
dows, and to an “acceptable” level for the roof window.

Assessment of the need for solar shading

— The estimated number of hours when a shading device would be required
for the South windows were around 520 hours with the vertical and the
dormer windows, while around 840 under the roof window.

— For the West facing windows, the situation was about the same. Shading
was needed 390 hours with the vertical window, 320 hours with the dor-
mer window, and about twice the number of hours, about 700 hours, with
the roof window.

— When using a dark grey screen the average luminance (40° band)
dropped from around 5,000 cd/m? to around 1,000 cd/m? for all three win-
dow types. The luminance ratio between the window and the surround-
ings remained about the same, namely 10:1.
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— The most significant luminance reduction with the blinds was on the floor,
where the luminance was reduced to 1 % of that without the blinds

— The Venetian blind increased the DGI for all window types. For the roof
window, the DGI raised from “just uncomfortable” to “uncomfortable” on
the perception scale. The reason for this may be that the luminance of the
window area was only reduced to about one third, while the luminance on
all other surfaces dropped to 1-2 %.



Description of the method

Simulations with Radiance

The simulations presented in this report were performed using the original
UNIX-based Radiance Lighting Simulation System (Ward Larson & Shake-
speare, 1998) as well as a Windows version included in the Autocad Desk-
top program. Radiance is a suite of programs for the analysis and visualisa-
tion of lighting in design. It is used by architects and engineers to predict il-
lumination, visual quality and appearance of innovative design spaces, and
by researchers to evaluate new lighting and daylighting technologies. Input
files specify the scene geometry, materials, luminaires, time, date, and sky
conditions (for daylight calculations). The primary advantage of Radiance
over simpler lighting calculation and rendering tools is that there are no limi-
tations on the geometry or materials that may be simulated. Calculated val-
ues include spectral radiance (i.e. luminance + colour), irradiance (illumi-
nance + colour) and glare indices. Simulation results may be displayed as
colour images, numerical values, and contour plots. Radiance is one of the
most advanced daylighting/lighting simulation tools available today and it
has been fully validated (Mardaljevic, 1999; Aizlewood et al., 1998; Ubbe-
lohde & Humann, 1998; Jarvis & Donn, 1997, etc.).

Geometry of the rooms and windows

For the benefit of comparisons of daylight conditions, the studies of the three
window types were performed in rooms that were identical on all possible
measures. The rooms studied measured 3.25 m by 3.85 m (width by depth)
and had a floor to ceiling height of 2.5 m. The glazing area measured 0.765
m by 1.15 m (width by height), the window area measured 0.887 m by 1.339
m (total wall-opening, width by height) and the frame was 0.072 m wide at
the bottom, 0.061 m wide on the sides and 0.117 m wide at the top.

Figure 1. Isometric representation of the three models in the study: room with roof window, dormer win-
dow and vertical window (graphical view in BSim2002).

15



16

The frame depth was 0.083 m. In all three cases, the window was located at
exactly 1.0 m above the floor level and was centred with respect to lateral
walls. The small scale details of the frame and sash were not modelled in
order to simplify the calculations!. Figure 1 shows the three rooms in a BSim
generated graphical representation of the models (SBI, BSim 2004). Figure
2 shows a section-perspective from Radiance renderings of the three rooms.

As shown in Figure 2, the exterior surfaces were not modelled, except in
the case of the dormer window where the roof slope under the window was
added. The exterior surfaces had no impact on interior lighting conditions
when they were parallel to the window plane (none of the light rays reflected
off the surfaces meet the window). In the case of the dormer window, the
roof slope under the window did have an impact on interior lighting condi-
tions because it was not parallel to the window plane.

a) Vertical window.

b) Dormer window.

¢) Roof window.

Figure 2. Rendering showing a longitudinal section-perspective of the three rooms modelled in Radi-
ance.

1 The details of the sash and frame have a negligible impact on daylight conditions at the scale of the
room and their impact will be the same in all three rooms provided that the details are exactly the same
in all three rooms. Adding those details will cause the simulation program to sample a much larger num-
ber of rays around small insignificant surfaces, which will substantially increase the length of calcula-
tions and may even cause the program to “overkill".



Properties of inner surfaces, glazings and shading devices

The red (r), green (g), blue (b) and integrated reflectance (R) and transmit-
tance (T) for inner surfaces, glazing and shading screen are presented in
Table 1. “Spec” is the value for specularity in the input to Radiance. The
specularity is the amount of light reflected (or transmitted) by specular (mir-
ror-like, not diffuse) mechanism (Ward Larson & Shakespeare, 1998).
“Rough” is the value for roughness in the input to Radiance. The roughness
is a measure of the average instantaneous slopes of a polished surface,
which determines to what degree a semi-specular highlight will be dispersed
(Ward Larson & Shakespeare, 1998). The specularity and roughness control
the way light will be reflected off the material. If both are set to zero, the sur-
face is perfectly diffuse and reflects light equally in all directions. On the
other hand, if the material is purely specular (high specularity) and has a
roughness of zero, it is a mirror (Larson in Ward, 1996). All exterior and inte-
rior surfaces except the floor were assumed to be totally diffuse (Spec = 0)
and smooth (Rough = 0).

Table 1. Red (r), green (g), blue (b) and integrated reflectance (Rtot) and transmittance (Ttot), specularity (Spec) and roughness (Rough)

of inner surfaces, glazing and shading screen modelled in Radiance.

Surfaces/ Colour/  Digital  R(r) R(g) R(b) Rtot T(r) T(9) T(b) Ttot Spec. Rough.
element material sample* (%) (%) (%) (%) (%) (%) (%) (%) - -
Walls light grey
Slopes  paint 58.3 57.3 50.7 57.0 n.a. n.a. n.a. n.a. 0.00 0.00
Linings  (1k102)
Floor  chestnut 525 344 190 379 na  na  na  na 000  0.00
wood
pure white
Ceiling  (RAL 92.3 80.8 76.1 83.5 n.a. n.a. n.a. n.a. 0.00 0.00
9010)
light grey
Door paint 39.1 39.0 36.7 38.8 n.a. n.a. n.a. n.a. 0.00 0.00
(1k108)
Glazing, n.a. n.a. n.a. n.a. 78.0 85.0 80.0 78.0 n.a. n.a.
2-pane
Glazing, na  na  na 25 505 546 437 528 na  na
3-pane
Roof (ex-
terior)** grey 30.0 30.0 30.0 30.0 n.a. n.a. n.a. n.a. 0.00 0.00
Shading o 33 33 33 33 187 187 188 187 100  0.00
screen
EJ/I(iar:gIsan \gh:fulszli(:e i 758 813 848 n.a n.a n.a n.a n.a 000 000
' p - 76.1 72.0 58.9 - s - - - 0.05 0.00

slats side

n.a.: not applicable i.e. either the value is not present in the input or it is not relevant.
* The sample shown is affected by settings in the computer screen and printer.
** Only relevant for the dormer window

Context and orientation

The rooms were modelled for South, West and North orientations. A free ho-
rizon (no external obstructions) was assumed thus representing rooms on
the first floor or higher, and the ground light reflectance was set to 15 % and
assigned a green colour.

Simulation months and hours

The simulations were performed for the location of Copenhagen (latitude
55.4 ° N; longitude 12.35 ° E) under the following sky conditions:

17
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CIE overcast sky

2 Intermediate sky, one day (in March)

3 CIE Sunny sky, for seven months on selected (sunny) days from the
Danish Design Reference Year at the hours indicated in Table 2 below.

Table 2. Months and hours of Radiance simulations for sunny days. The day of each month was se-
lected from the Danish Design Reference Year as representative for a sunny day in that month.

Month | Jan ‘ Feb | Mar ‘ Apr ‘ May Jun ‘ Dec |Tota|

South (hours)

Vertical | 10,12 10,12 | 8,10,12 | 8,10,12 | 8,10,12 8,10,12 10,12 18

Dormer | 10,12 10,12 | 8,10,12 | 8,10,12 | 8,10,12 8,10,12 10,12 18

Roof 1012 | 1012 | 81012 |8,1012 | 81012 | 81012 | 1012 | 18

North (hours)

Vertical 6,18,20 | 6 18,20

Dormer 6 6, 18, 20 6,20

Roof 6515 661012681012 "

14, 16, 18, 20| 14, 16, 18, 20

West (hours)

Verical | 14 | 14,16 | 14,16 |14,16,18|14, 16, 18,20 14, 16,18,20| 14 | 17

Dormer | 14 | 14,16 | 14,16 |14, 1618 14 16,18,20 14,16 18,20| 14 | 17

Roof | 12,14 [12,14,16/12, 14, 16/1012 14/ 10.12.14, 1 1012.4, 1 45 4y | oy
1618 | 16,18.20 | 16,18, 20

Total ‘ 10 ‘ 13 ‘ 16 ‘ 2% ‘ 37 36 ‘ 10 ‘ 146

A total of 146 hours were thus analysed under sunny sky conditions, Table
2. For most of these hours the following indicators of Table 3 were analysed.

Table 3. Overview of lighting quality indicators and the analyses.

Parameter

Analyses

llluminance distribution on a horizontal
plane 0.7 m above floor level

Cylindrical illuminance in horizontal and
vertical planes

llluminance on cube, centre of room
Vertical-to-horizontal illuminance

Luminance distribution. Luminance ra-
tios, perspective view towards window
(vw) and door (vd)

Average luminance, 40° band

Daylight glare index (DGI)

Luminance difference index (LD index)

Scale of shadows, section perspective
showing half the room in perspective
with spheres (vsp)

Assessment of the need for solar
shading

Use of 3-layer glazing and impact of so-
lar screen and Venetian blinds

Daylight factors. Light intensity, distribution and variation.

Luminous flux at the centre of the room. Light distribution, di-
rectional and diffuse components

Vertical to horizontal illuminance, evaluation of contrasts and
potential glare problems

Radiance renderings for visualisation of views and detection
of sun patches of high luminances. Luminance ratios as indi-
cator of potential visual problems

Evaluation of Radiance renderings for luminances of all “pix-
els” in the field of view for glare detection

Glare evaluations with Radiance of the subjective magnitude
of glare discomfort with high values illustrating uncomfortable
or intolerable sensation of discomfort

Evaluation of glare according to the new proposed index and
the possible value of this index as indicator

Radiance renderings with “spheres” for analyses of the in-
tensity of directional light and diffuse to determine the
shadow type on the Scale of Shadows as an indication of the
light quality for a certain task at that point of the room

Sunlight patches, luminance value, size and position as indi-
cators of the need for solar protection against glare

Influence on illuminance and luminance distribution and in-
tensity. Influence on daylight glare index, DGI.




Horizontal illuminance and daylight factor

Overcast sky condition

Simulations were made to calculate the illuminance on a horizontal plane lo-
cated at 0.7 m above floor level. The results showed that the roof window
produced significantly higher illuminance values in a unique pattern with a
large oval area of high illuminance in the area under the window, as illu-
strated in Figure 3. The vertical and dormer windows produced lower illumi-
nance levels in similar distribution patterns. The illuminance pattern was
more concentrated in the case of the dormer window. The illuminance level
was also generally lower in this case.

1505.197

& &

a) Vertical window b) Dormer window ¢) Roof window

Figure 3. Rendering of a horizontal plane at 0.7 m above floor level, false colour rendering and isolux
contours showing illuminance (lux) for the a) vertical, b) dormer, c) roof windows, under overcast sky
conditions. The exterior horizontal illuminance was 14,613 lux (divide by this number to obtain the day-
light factor).

Statistical analysis of the illuminance in all calculated points (n=5000) clearly
illustrates the differences in the pattern of each window, as shown in Figure
4. The vertical window resulted in slightly higher daylight factors, in average,
than the dormer window, but the difference between the two cases was
small.
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Figure 4. Minimum, maximum, median, mean and interquartile range (Q1, Q3) for the daylight factor (%)
on a horizontal plane, at 0.7 m above floor level, overcast sky conditions.

The figure also shows that the roof window produced much higher mean,
median, minimum, maximum and interquartile range? values for the daylight
factor compared with the other cases.

The roof window produced a wider range of daylight factor values. This is
evident from Figure 4, but may also be visualised clearly in a diagram show-
ing the frequency distribution of daylight factors for the three cases, as
shown in Figure 5. The figure shows that the illuminance distribution is much
wider for the roof window than for the vertical and dormer windows.

Frequency distribution of the illuminance on horizontal plane

50
B Vertical window
40 | [l Dormer window | |
[l Roof window

Percentage of points (%)

<100 <300 <500 <700 <900 <1100 <1300 <1500

llluminance (Ix)

Figure 5. Frequency distribution for the illuminance (Ix) on a horizontal plane, 0.7 m above floor level,
overcast sky conditions.

A plot of the daylight factors along an axis perpendicular and centred about
the window also shows that the roof window produced a much higher ampli-
tude of daylight factors Figure 6.

2 The interquartile range comprises the values of 50 % (n=2500) of all calculated points (n=5000). Thus,
25 % (n=1250) of the points have a daylight factor below the interquartile range box and 25 % have a
daylight factor above the interquartile range box.
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Figure 6. Daylight factors (%) at 0.7 m above floor level along an axis perpendicular and centred about
the window, overcast sky conditions.

While extreme variations of the daylight factor should be avoided, it is not
desirable to create totally even light distributions either. Dull uniformity in
lighting, though not harmful, is not pleasant, and can lead to tiredness and
lack of attention (Hopkinson, Petherbridge & Longmore, 1966). According to
Loe (1997), people prefer an interior to have a measure of “visual lightness”
combined with a degree of “visual interest” (visual interest applies to the
non-uniformity of the light pattern). According to IES (1993), it is important to
provide enough variation in the light pattern to contribute to a stimulating, at-
tractive environment. Small visual areas that exceed the luminance-ratio
recommendations are desirable for visual interest and distant eye focus (for
periodic eye muscle relaxation throughout the day). Veitch (2000) recom-
mends using meaningful luminance patterns to create interest and integrat-
ing luminance variability with architecture to satisfy attention and appraisal
processes.

Figure 7 shows the daylight factors levels (%) for each window type along
a line across the room at 2 m from the window wall.

Daylight factor across room

5
Roof window

4 Dormer window
Vertical window

Daylight factor (%)
N

0 ‘ ‘ ‘ ‘
0,0 05 1,0 1,5 2,0 25 3,0

Distance from left wall (m)

Figure 7. Daylight factors (%) at 0.7 m above floor along a line across the room, parallel to the window
wall at a distance of 2 m. Overcast sky conditions.
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In the case of the roof window, nearly 100 % of all daylight-factor values
were over 1 %, 50 % were above 2 % and about 15 % were above 5 %, as
shown by a cumulative frequency distribution diagram, Figure 8. In compari-
son, the dormer window had no values above 2 % and only 30 % of daylight-
factor values above 1 %. The vertical window performed slightly better with
20 % of values above 2 % and 80 % above 1 %.
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Figure 8. Cumulative frequency distribution for the daylight factor (%) on a horizontal plane, at 0.7 m
above floor level, overcast sky conditions.

A daylight factor of 5 % means that there will be 500 lux on the “work plane”
under an overcast sky of 10 klux (which is commonly used as reference in
northern Europe). Note that in Denmark, the diffuse illumination from the sky
is over 10 klux 60 % of the working time (8-17 hours) (Christoffersen & Pe-
tersen, 1997).

According to a British Lighting Guide (CIBSE, 1997), an average daylight
factor of 5 % or more will ensure that an interior looks substantially daylit,
except early in the morning, late in the afternoon or on exceptionally dull
days. An average daylight factor below 2 % generally makes a room look
dull; electric lighting is likely to be in frequent use. In domestic interiors, how-
ever, 2 % will still give a feeling of daylight, though some tasks may require
electric lighting. The BS 8206 code of practice (1992) recommends average
daylight factors of at least 1 % in bedrooms, 1.5 % in living rooms and 2 % in
kitchens, even if a predominantly daylit appearance is not required. Figure 4
shows that the average daylight factor was 1.41 % for the vertical window,
0.85 % for the dormer window and 2.86 % for the roof window. The daylight
factor was thus more than twice as high with the roof window compared with
the vertical window.

Intermediate sky conditions

The day and hour for intermediate sky conditions was chosen to be 21
March at 12:00 hours. Three orientations were analysed: South, West and
North. The simulations showed similar differences in the illuminance patterns
as for the overcast sky conditions. Figure 9 shows the renderings, false col-
our images and iso-lux contours when the windows are facing South. The
general level was significantly higher under the roof window, and the peak
value was about 10 % higher than for the vertical and dormer windows.
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a) Vertical window b) Dormer window ¢) Roof window

Figure 9. Renderings of a horizontal plane at 0.7 m above floor level, false colour rendering and isolux
contours showing illuminance (lux) for the a) vertical, b) dormer, ) roof windows, under intermediate sky
conditions oriented South (21 March at 12:00 hours).

The cumulative frequency diagrams for the illuminance under intermediate
sky on a horizontal plane at 0.7 m above the floor level are shown for South
and West facing windows in Figure 10 and Figure 11, respectively.

llluminance on horizontal: Intermediate sky, South windows
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Figure 10. Cumulative frequency distribution for the illuminance (Ix) on a horizontal plane, at 0.7 m
above floor level, intermediate sky conditions, South orientation. The high illuminances of the direct
sunlight patches (5,000 — 6,000 lux) are not included in the diagram.
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Figure 11. Cumulative frequency distribution for the illuminance (Ix) on a horizontal plane, at 0.7 m
above floor level, intermediate sky conditions, West orientation.

Both figures illustrate that (except for the illuminance values of the direct
sunlight patches, which were above 5,000 lux) the distribution curves are
much narrower for the vertical and dormer windows than for the roof window.

Sunny sky conditions

A total of 146 hours under sunny sky conditions were analysed, cf. Table 2.
An analysis of the illuminance levels on a horizontal plane 0.7 m above floor
level showed that when the sun was at a high altitude (above 30°), the illu-
minance levels were often significantly higher with the roof window than with
the two other windows. For the South facing window, peak values were typi-
cally 20 % higher, while averages were often 100 - 500 % higher with the
roof window than with the vertical and dormer windows. At sun positions
lower than 25° in altitude, the illuminance was typically higher with the verti-
cal window than with the roof window. At sun positions in the interval 25 ° -
30 °, the levels were about the same for the roof and the vertical windows. In
almost all cases, the dormer window had the lowest illuminance levels.

Solar altitude on the 15th of the month, (°)
. T
50 _\ Highest illuminance
\ with roof window
40 // N
/ N BRER
30 A \ W About the same level with

/' \ ‘kroof and vertical window
20 / /| A\ \ e
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10 ’77777 *7* &——i with vertical window
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12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Hour

— January — March — May
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Figure 12. Graph of solar altitude angle for the months January, March and May. At solar heights above
30° the average illuminance level was higher with the roof window, i.e. for May month, for instance, all

hours from 8:00 to 16:00.
24



Figure 12, which shows the solar altitude angle for 15 January, March and
May, indicates which of the window types will result in the higher illuminance
levels according to the time of the year.
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Figure 13. Minimum, maximum, median, mean and interquartile range (Q1, Q3) for the illuminance on a
horizontal plane, at 0.7 m above floor level. South facing windows, sunny sky conditions June at 10:00

hours.

550.676

a) Vertical b) Dormer ¢) Roof
Figure 14. llluminance distribution on horizontal plane, at 0.7 m above floor level, false colour rendering
and iso-lux contours. South facing windows under sunny sky conditions in June at 10:00 (window at the

top of image).
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An example of the differences under high solar altitude is shown in Figure
13, which shows the statistical analysis of the illuminances in June at 10:00
hours. The illuminance distribution on a horizontal plane, false colour render-
ing and iso-lux contours are shown in Figure 14.
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Figure 15. Minimum, maximum, median, mean and interquartile range (Q1, Q3) for the illuminance on a
horizontal plane, at 0.7 m above floor level. West facing windows, sunny sky conditions in March at

16:00 hours.

a) Vertical

_ 58.000

43.000

b) Dormer

¢) Roof

Figure 16. llluminance distribution on horizontal plane, at 0.7 m above floor level, false colour rendering
and iso-lux contours. West facing windows (window at the top of image) under sunny sky conditions in
March at 16:00. Note that the peak value is highest under the roof window.



Figure 14 shows that the main reason for the higher illuminance values with
the roof window is the fact that the patch of direct sun is often significantly
bigger than the patches in the room with the vertical and dormer windows.
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Figure 17. Minimum, maximum, median, mean and interquartile range (Q1, Q3) for the illuminance on a
horizontal plane, at 0.7 m above floor level, sunny sky conditions in January at 10:00 hours.

a) Vertical window b) Dormer window ¢) Roof window

Figure 18. llluminance distribution on horizontal plane, at 0.7 m above floor level, false colour rendering
and iso-lux contours. South facing windows under sunny sky conditions in January at 10:00 hours.
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When the sun irradiates the West facing windows, it is at a relatively low so-
lar altitude. The illuminance patterns become different as shown in Figure 15
and Figure 16, and the average illuminance levels are typically higher with
the vertical than with the roof window. Note however that in Figure 16 even
though the general level is somewhat higher with the vertical window, the
peak illuminance is highest under the roof window. The same patterns can
be seen early in the morning with the South facing windows, as shown in
Figure 18, however at significantly lower levels. In all cases the illuminance
levels with the dormer window were lower.

Average daylight factor

Although the daylight factor principally is defined for an overcast sky, it is in
the following used to give an impression of the relative illuminance levels for
the three window types under sunny sky conditions. Figure 19 and Figure 20
show the “daylight factor” for South oriented windows for each month at
10:00 and 12:00 hours, respectively.

Sunny sky S: Average "daylight factor" (%) at 10:00 hours
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Figure 19. Average daylight factor (%) on a horizontal plane 0.7 m above floor level at 10:00 hours for
the months December-June. In the spring and summer months the average illuminance level is signifi-
cantly higher under the roof window than the level with the vertical window, which again is significantly
higher than with the dormer window. In the winter months the level with the vertical window is highest.

Sunny sky S: Average "daylight factor" (%) at 12:00 hours
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Figure 20. Average daylight factor (%) on a horizontal plane at 0.7 m above floor level at 12:00 hours for
the months December-June. In the spring and summer months the average illuminance level is signifi-
cantly higher under the roof window than the levels with the other two window types.



The daylight factor is normally used to evaluate if there, under overcast sky
conditions, is sufficient daylight at a given place in the room for a certain vis-
ual task. While a high daylight factor in this case is considered to be an indi-
cation of a high daylight level and an advantage for most tasks, it is impor-
tant to notice that the same assumption is not made for a high daylight factor
under a sunny sky. The daylight factor should always (also under overcast
sky conditions) be considered in combination with an analysis of the light
distribution in the room and with a study of the directional part and the dif-
fuse part of the daylight at the spot of the room of interest. Evaluation of the
daylight in a room, regarding qualitative aspects, based on the average day-
light factor is even more difficult. A high average illumination level may be
caused by a disturbing bright spot on a surface, or, in the question of the
daylight factor, on the work plane. Figure 21 shows for each of the three
West facing windows the average daylight factor in the months December-
June at 14:00 hours.

Sunny sky W: Average "daylight factor" (%) at 14:00 hours
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Figure 21. Average daylight factor (%) on a horizontal plane at 0.7 m above floor level at 14:00 hours for
the months December-June with West facing windows. In the spring and summer months the average
illuminance level is significantly higher under the roof window than the levels with the other two window

types.

Global illuminances at 08:00, 10:00 and 12:00 hours
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Figure 22. Global illuminance values at 08:00, 10:00 and 12:00 hours for the selected days of the
months December-June. The values include the direct component from the sun and the diffuse sky
component. The low value for February at 10:00 hours is due to overcast sky for this particular hour.
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Figure 22, Table 4 and Figure 23 can be used to get an impression of the
general illuminance level in the three rooms for the whole year. Figure 22
shows the global illuminance values for the days chosen in each of the
seven months December — June, while Table 4 lists the normal number of
minutes and hours of sunshine in each month. It can be seen, for instance,
that on a sunny day in December the global illuminance is typically 7,000 —
18,000 lux (from 10:00 —14:00 hours), while in March the global illuminance
is typically 20,000 — 50,000 (from 9:00 — 15:00 hours). Table 4 shows that
there can be expected 43 hours, respectively 110 hours of sunshine in these
months. Figure 23 then shows the cumulated frequency of the global illumi-
nance for all hours in the months December — June. From the calculated
daylight factors under overcast sky, intermediate sky, and clear sky, one can
get an idea of the illuminance level in each room under these sky conditions.

Table 4. Normal sunshine duration for the Danish weather. (Laursen and Rosengrn, 2003).

Month Normal, 1961-1990 Normal, 1961-1990
minutes hours
January 2566 43
February 4159 69
March 6618 110
April 9717 162
May 12511 209
June 12559 209
July 11741 196
August 11146 186
September 7655 128
October 5219 87
November 3269 54
December 2556 43
Year 89716 1495

Frequency of global illuminance on horizontal, 8:00-18:00 hours
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Figure 23. Cumulated frequency of the global illuminance on horizontal for the months December —
June within 8:00 — 18:00 hours. The curves show the percentage of hours in each month where the il-
luminance is above the corresponding value. For example is the illuminance above 30,000 lux in 65 %

of the hours in April (66 % of 300 hours, i.e. 195 hours).




Cylindrical illuminance

As a way to analyse the luminous flux in the rooms, the illuminances on a
sphere in the centre of the room were calculated for every 5° in horizontal
and vertical planes.

Cylindrical illuminance (Ix), horizontal
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Figure 24. Cylindrical illuminance on horizontal and vertical planes under overcast sky conditions. The
graphs show that there are significant differences in the illuminance levels for the three window configu-
rations. The roof window gives significantly higher illuminances in all directions than the two other win-
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Sunny sky conditions

Figure 26, Figure 27 and Figure 28 show for sunny sky conditions the cylin-

drical illuminances for each of the three windows, i.e. the values on the

sphere at the “equator” (the horizontal circle) for 6 months and the hours

06:00 — 21:00. A narrow pattern, like for instance for January and February,

just means that there were few hours of direct sunlight in that month. A wide
pattern in the angle towards the
window means that sunlight
penetrates deeply into the room
and hits the sidewalls from where
it is reflected onto the sphere in
the centre of the room. An exam-
ple of this is shown in Figure 25
with the fish eye rendering for the
vertical window in April at 10:00
hours. This situation is also
showed in Figure 26 with the red
lines, see text of the figure.

Figure 25. Fish eye rendering for the vertical window
in April at 10:00 hours.

Vertical window, S: Hourly values of cylindrical illuminance
-180
lluminance (Ix)
-135  [@4400-4800
[J4000-4400
-90
m 3600-4000
45 5 W3200-3600
Q
®  [@2800-3200
0 S m2400-2800
%‘ @ 2000-2400
A5 8
£ [ 1600-2000
90 1 1200-1600
800-1200
135 B 400-800
m 0-400
180
Jan Feb Mar Apr May Jun Dec
Month (hour)

Figure 26. Cylindrical illuminance calculated in the centre of the room with the vertical window. Values are given for seven
months and for the hours 06:00 - 21.00. As an example to read the figure, the red lines show that on a sunny day in April at
10:00 hours, the illuminance in the centre of the room on a vertical plane with a horizontal normal pointing 45° to the right from
the window will be 3,600 — 4,000 lux. Because of the symmetry for the South oriented window, the same value will occur at 14:00

in the direction 45° to the left (- 45°) from the window.

Comparing the monthly cylindrical illuminance patterns of the three windows
showed that the sunlight created a much brighter space under the roof win-
dow, especially when compared to the dormer window. Figure 27 shows that

patterns of the cylindrical illuminance with the dormer window were quite
narrow in the angle towards the window, especially for the summer and
spring months. This is also illustrated in Figure 29 and Figure 30 that show
the cylindrical illuminances in the morning hours of March and May.



Dormer window, S: Hourly values of cylindrical illuminance
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Figure 27. Cylindrical illuminance calculated in the centre of the room with the dormer window. Values are given for seven months

and for the hours 06:00 — 21.00.

Roof window, S: Hourly values of cylindrical illuminance
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Figure 28. Cylindrical illuminance calculated in the centre of the room with the roof window. Values are
given for seven months and for the hours 06:00 — 21.00.

Figure 29 and Figure 30 show the differences in the cylindrical illuminances
in the morning hours of March and May for the three windows. It is obvious
that the sphere (or a person) at the centre of the room received much more
light with the roof window from all angles of the room. Also, it can be seen
that the dormer window provided the lowest illuminance in all directions.
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Vertical window: Cylindrical illuminance (Ix), horizontal
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Roof window: Cylindrical illuminance (Ix), horizontal
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Figure 29. Cylindrical illuminances, horizontal circle, in the morning hours of March for the three win-
dows.

In March, the typical ratio (maximum) of the illuminances for the roof, the
vertical and the dormer window were 4,000 : 3,300 : 3,000 Ix , while in May
these ratios were 8,000 : 6,000 : 5,000 Ix.



Vertical window: Cylindrical illuminance (Ix), horizontal
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Figure 30. Cylindrical illuminances, horizontal circle, in the morning for May and for the three windows
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Vertical-to-horizontal illuminance

From the calculated values on the sphere at the centre of the room, the ab-
solute illuminance values were computed in all directions in order to estab-
lish the cubic illuminance or the three dimensional illuminance. One pair of
interest in the evaluation of potential glare problems is the vertical to the
horizontal illuminance. Normal recommendations are that the vertical to hori-
zontal illuminance ratio should not exceed 2-3 (lit.). Table 5 shows the illu-
minance values in all directions from a cube placed at the centre of the room
as well as the calculated vertical to horizontal ratio of illuminances for the
three window types.

Table 5. llluminances on cube at centre of room, overcast sky conditions.

Side of cube Vertical window Dormer window Roof window
Left 106 57 124
Back 76 50 85
Right 106 57 129
Window 460 379 581
Up 178 119 172
Down 97 59 172
Average, all directions 171 120 210
Vertical to horizontal ratio 2,58 3,20 3,38

The table shows that there were significant differences in the illuminance
levels with the three windows, indicated by the average values, 120, 171 and
210 lux, for the dormer, the vertical and the roof window, respectively. At the
centre of the room, the vertical to horizontal ratio was 3.38 under the roof
window, 3.20 with the dormer window, and 2.58 with the vertical window.
This shows that even though the roof window gave high illuminances on
horizontal plane near the window, the recommended value of 2-3 is ex-
ceeded in the back half of the room.

Sunny sky conditions

Figure 31 shows the illuminances for the three windows in the view towards
the window (win) and the view towards the ceiling (up) under sunny sky con-
ditions. The figure shows all (relevant) hourly values for all months studied.
The illuminance at the plane of the viewer’s eye has shown good correlation
with the sensation of glare in several studies (Velds, 2000, etc.). However,
the sensation of glare is not merely a question of absolute illuminance (or lu-
minance) but involves other aspects of the luminous environment, such as
distance to the glare source, background luminance and more. The vertical to
horizontal luminance ratio, which has also been used to assess the quality of
the visual field, in a very simple way, incorporates some of these aspects.

Figure 31 shows that the illuminances in the window direction were always
highest for the roof window, except for hours when there was direct sunlight
on the sphere (values at noon in October - February). llluminances in the di-
rection towards the window above 5,000 lux may not in itself be a problem,
but when the horizontal illuminance is only around 2,000 lux, it will most
likely cause glare sensation.
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Figure 31. llluminance in the direction towards the window (win) and towards the ceiling (up) for the three windows and for all (relevant)
hours. Each graph represents the hours from sunrise to sunset (within 6:00 - 21:00 hours) for each month. In January and December there
is direct sun on the sphere with all windows, while this is also the case for the vertical window in February (and its “symmetrical” month,
October).

Figure 32 shows the calculated ratios for the three South oriented windows
and for the first six months of the year, while Figure 33 shows the ratio for the
West oriented windows. The figures show that the roof and dormer windows
exceeded the recommended limit for many hours of the year. It should be
noted, however, that the ratio has no meaning in the case of direct sunlight in
the reference points.

Figure 31 shows, for instance, that there was direct sun with all three win-
dows in January, while in February this was only the case for the vertical
window.
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Figure 32. The vertical to horizontal illuminance ratio for windows facing South. The ratio was about the
same for the dormer window and the roof window, while it was generally lower for the vertical window.

Vertical to horizontal illuminance for West facing windows

6,0
— \ertical window
50 — Dormer window
' —— Roof window

RERR VAVRWE
N Y

\ X
ST \

0,0

JAN FEB MAR APR MAY JUN DEC
Month ( hour 6-21)

Figure 33. The vertical to horizontal illuminance ratio for windows facing West. The ratio was about the
same for the dormer window and the roof window, while it was generally lower for the vertical window.
The significant difference for the vertical window in the winter months was irrelevant, since there was di-
rect sunlight on the cube in these cases.



Luminance distribution

Renderings of the room were produced for each month and hour studied.
Half of the renderings showed half of the room towards the window wall, and
half of the renderings showed the other half of the room (towards the back or
north wall). Both renderings are complementary and contained 100 % of the
luminance points in the room. The first series of images showed a view mim-
icking human vision (using the pcond program? included in Radiance) while
the second series presented a false colour rendering where the luminance of
each pixel is replaced by a colour corresponding to a luminance value (in
Nits, 1 nit = 1 cd/m?).

Overcast sky conditions

Under overcast sky conditions, the luminance of the floor, walls and ceiling
was higher with the roof window than with the other two windows, see Figure
34. In contrast, the main inner surfaces of the rooms were significantly
darker with the dormer window, even compared with the vertical window.
This is also indicated by Figure 35 - Figure 37, which gathers minimum,
maximum, mean, median and interquartile range values of luminances for all
surfaces in the view towards the window wall.

Figure 34. Pcond and false colour renderings. First and third row show the renderings (mimicking the
human vision) of the view towards the window wall and towards the back wall, respectively. The second
row shows the false colour renderings of the view towards the window wall. Overcast sky conditions.

3 The pcond program provides powerful tools for easy manipulation of Radiance’s map of spectral radi-
ance into a displayed image that causes a response in the viewer that closely matches the response a
viewer of the real-world equivalent environment might experience. Pcond uses a variety of mathematical
techniques to determine an appropriate exposure and simulate loss of acuity and veiling glare, loss of
focus, and loss of colour sensitivity.
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Figure 35 - Figure 37 show that the mean luminance ratios between the win-
dow wall and the window are 16:1908, 8:1908 and 28:1883, corresponding
to 1:119, 1:238 and 1:67, for the vertical, dormer and roof windows, respec-
tively. This gives significant differences in contrast and a greater risk of a
sensation of glare from the dormer window and the vertical window than
from the roof window. The linings surrounding the dormer and roof windows
were rather bright, and might contribute to make the high window luminance
more acceptable than was the case of the vertical window. While the lumi-
nance ratio between the linings and the window surfaces was more favour-
able in the case of the roof window than in the case of the dormer window
(1:10 and 1:37 respectively), it should be noted that the area of the linings
was larger in the case of the dormer window and therefore may provide an
equally good luminance transition from the high sky luminance to the lumi-
nance of the main inner surfaces.

In general, all surfaces had a wider range of luminance values for the
dormer window (Figure 36) and roof windows (Figure 37) compared with the
vertical window where the interquartile range boxes (comprising 50 % of all
values) was rather narrow (Figure 35). This indicated that the luminance field
was more balanced in the cases of the dormer and roof windows than in the
case of the vertical window.

As a whole, the luminance ratio between the window, window linings and
adjacent walls was preferable for the roof window compared with the dormer
window. Figure 38 shows the average luminance of surfaces located within a
band of 40° about the eye height (for a sitting person). Loe, Mansfield &
Rowlands (1994) showed that the field of luminance within a 40° band about
the eye height is the most important to consider for visual comfort. The figure
clearly shows that the roof window provided higher wall luminance and softer
luminance transitions from the window to the wall area compared with the
other cases.
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minances (cd/m?) of surfaces in the view towards the window wall, under overcast conditions.



E Luminances on surfaces, dormer window
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Figure 36. Dormer window. Minimum, maximum, median, mean and interquartile range (Q1, Q3) for lu-

minances (cd/m2) of surfaces in the view towards the window wall, under overcast conditions
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Figure 37. Roof window. Minimum, maximum, median, mean and interquartile range (Q1, Q3) for lumi-

nances (cd/m2) of surfaces in the view towards the window wall, under overcast conditions.
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Luminances in the field of view (40° band), overcast sky
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Figure 38. Average luminance within a 40° band centred around the observer’s eye looking straight ahead towards the window
under overcast sky conditions. The roof window provides higher wall luminance and softer luminance transitions from the window
to the wall area compared with the other windows.

Sunny sky conditions

Preliminary studies of sun-patches on room surfaces

A preliminary analysis of months and hours over the year that might be of in-
terest in the evaluation of luminance distribution, glare indicators, and the
need for a solar shading device was carried out. A quick series of Radiance
simulations were made to reveal the patterns of direct sun on the room sur-
faces, shown by examples in Figure 39. The times for which a direct sunlight
patch appeared on at least one room surface were analysed while all other
times were discarded in this study. The size and average luminance of the
sun patch on each surface was calculated as part of the analyses.

Jan Feb Mar Apr May Jun

South facing vertical window at 10:00

South facing dormer window at 10:00

South facing roof window at 10:00

Figure 39. Fish-eye view (quick rendering) showing the whole room from above looking down (window
at the top of each image) and the sunlight patch patterns for window, January — June at 10:00 hours.




Example days with sunny sky conditions

The following pages give examples of the differences in daylight conditions
in each of the three rooms on a day with sunny sky conditions. The daylight
conditions are presented by a pcond rendering for the view towards the win-
dow, a false colour rendering of the same view, a rendering towards the

back of the room and the cumulative frequency distribution of luminances for
each room on that day.

a) Vertical window b) Dormer window ¢) Roof window

Figure 40. Luminance distribution under sunny sky in March, 10:00. With the vertical window a major
part of the sunlight patch fell on the sidewall. For the dormer window the corresponding part of the direct

sunlight was on the window linings, while for the roof window the sunlight patch was almost entirely on
the floor.

Because of the higher reflectance of the walls compared with that of the
floor, the general lighting level was higher when the sunlight patch fell on the
wall than when it was on the floor, as can be seen in Figure 41.

Cumulative frequency distribution of luminances, March at 10:00
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Figure 41. Cumulative frequency distribution of the luminance (cd/m?) in the view towards the window.
With the vertical window the sunlight patch was on the sidewall, while is was mainly on the floor with the
roof light. Therefore the general luminance level was higher with the vertical window.
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Figure 42. Solar and luminance distribution in June at 10:00 hours. The first and third rows show the
renderings (mimicking the human vision) of the view towards the window wall and towards the back
wall. The third row shows the false colour rendering of the view towards the window wall.

At times when the sunlight patch fell on the floor with all three window types

the general lighting level was significantly higher under the roof window, see
Figure 43 and Figure 44.

Figure 42 and Figure 43, as well as Figure 44 and Figure 45, clearly show
that the roof window resulted in the brightest room, while the dormer window
gave the darkest room, as also shown previously in the analysis of the illu-
minances on a horizontal plane.
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Figure 43. Cumulative frequency distribution of the luminance (cd/m?) for the three window types in the
view towards the window under sunny sky in June at 10:00 hours.
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Figure 44. Luminance distribution in May at 12:00 hours. The first and third rows show the renderings
(mimicking the human vision) of the view towards the window wall and towards the back wall. The third
row shows the false colour rendering of the view towards the window wall.

Figure 44 and Figure 45 show the luminance distributions in May at noon. As
for June at 12:00 hours, the roof window gave significantly higher luminance
levels than the vertical window, which again provided significantly higher lu-
minance levels than the dormer window.

Cumulative frequency distribution of luminances, May at 12:00

o (T
o | [/

Vertical window

Dormer window

Roof window

Percentage of points (%)

0,0 ‘ ‘
<0 <5600 <1000 <1500 <2000

Luminance (cd/m?)

Figure 45. Cumulative frequency distribution of the luminance (cd/m?) for the three window types in the
view towards the window under sunny sky in May at 12:00 hours.

Variation in cumulative frequency distribution of luminances
Figure 46 - Figure 51 show the cumulative frequency distribution of the lumi-
nances in the view towards the window for different months and different

hours. The figures give indications of the relative brightness of the room at
all hours of the year.
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Figure 46. Cumulative frequency distribution of luminances in the view towards the window, South orien-
tation, sunny day in January at 10:00 and 12:00 hours.
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Figure 47. Cumulative frequency distribution of the luminances in the view towards the window, South
orientation, sunny day in February at 10:00 and 12:00 hours.
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Figure 48. Cumulative frequency distribution of the luminances in the view towards the window, South
orientation, sunny day in March at 8:00, 10:00 and 12:00 hours.



The figures clearly show that the dormer window results in the lowest lumi-
nance levels in almost all cases. The roof window provides much higher lu-
minance levels at high sun positions, while the vertical window gives slightly
higher levels at low sun positions.
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Figure 49. Cumulative frequency distribution of the luminances in the view towards the window, South
orientation, sunny day in May at 8:00, 10:00 and 12:00 hours.
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Figure 50. Cumulative frequency distribution of the luminances in the view towards the window, South
orientation, sunny day in June at 8:00, 10:00 and 12:00 hours.
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Figure 51. Cumulative frequency distribution of the luminances in the view towards the window, South
orientation, sunny day in December at 10:00 and 12:00 hours.
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Luminances in the field of view

The renderings for sunny conditions showed that the dormer window re-
sulted in a generally darker interior, which can be seen from Figure 46 -
Figure 51. The difference between the three cases was largest in the sum-
mer and for hours of high solar altitude, see for example Figure 49 for May
and Figure 50 for June. An important difference between the three cases
was that the sunlight patch penetrated deeper into the room with the roof
window and there was therefore more light in the back of the room in that
case. Table 6 shows the luminance values for the view towards the window
(South orientation, seen from the centre of the room) for seven months and
the hours 8, 10 and 12 (where relevant). Depending on the transition be-
tween the brightest sunlight patches and the surroundings, luminances
above 1,000 cd/m? or even lower may cause glare problems. Values above
2,000 cd/m? will most likely cause glare in any case. Table 6 shows that
there were significant areas of luminances above 2,000 cd/m? for all three
windows from 10:00 - 14:00 hours in the months March - September. Around
noon there were about 1 % of all values above 10,000 cd/m? in the winter,
October-February. In March and September 4-5 % of the field of view had
luminances above 5,000 cd/m?, while in April and August 3-5 % of the view
had luminances above 10,000 cd/m?2. In the summer months, May-July, the
highest luminances occurred with the roof window, 3-4 % of the view above
10,000 cd/m?. These high luminance values will certainly cause glare and it
would be essential, in these cases, to provide a shading device.

Table 6. Percentage of the view with values over a given luminance (cd/m?) for the view towards the window wall for seven months and
hours 8, 10 and 12 (where relevant). Each square gives the percentage of points for the three windows: vertical (v), dormer (d) and roof (r)

window.
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Figure 52 / Figure 53, Figure 54 / Figure 55, Figure 56 / Figure 57 and
Figure 58 / Figure 59 show the fish eye rendering for selected sunny days
and hours and the corresponding average luminance of the surfaces located
within a band of 40° about the eye height (for a sitting person). Loe, Mans-
field & Rowlands (1994) showed that the field of luminance within a 40° band
about the eye height is the most important to consider for visual comfort. All
the 40° luminance graphs clearly show that the peak luminance values of the
window were about the same. However, in all cases, the roof window pro-
vided higher wall luminance in the rest of the view field and softer luminance
transitions from the window area to the wall area compared with the other

windows.
Vertical Dormer Roof
Figure 52. Fish-eye rendering of the view toward the window wall under sunny sky conditions in June at
10:00 hours.
Luminances in the field of view (40° band), South, in June at 10:00
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Figure 53. Average luminance within a 40° band centred around the observer's eye looking straight ahead towards the window,
under sunny sky conditions, in June at 10:00 hours. The graphs show that the peak values of the window are about the same,
while the luminance level of the other surfaces in the 40° band of the rooms are significantly different, with the highest values for
the roof window and the lowest values for the dormer window.

Figure 53 shows that the transition between the high window luminance and

the surrounding surfaces were much smoother in the case of the roof win-
dow compared with the other windows.
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Vertical Dormer Roof

Figure 54. Fish-eye rendering of view toward the window wall under sunny sky conditions in May at 8:00 hours.
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Figure 55. Average luminance within a 40° band centred around the observer’s eye looking straight ahead towards the window,
under sunny sky conditions, in May at 8:00 hours. The graphs show that the peak values of the window are about the same,
while the luminance level of the other surfaces in the 40° band of the rooms are significantly lower with the dormer window.




Vertical Dormer Roof

Figure 56. Fish-eye rendering of view toward the window wall under sunny sky conditions in March at 8:00 hours.

Luminances in the field of view (40° band), South, in March at 8:00
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Figure 57. Average luminance within a 40° band centred around the observer's eye looking straight ahead towards the window,
under sunny sky conditions, in March at 8:00 hours. The graphs show that the peak values of the window are about the same,

while the luminance level of the other surfaces in the 40° band of the rooms are significantly lower with the dormer window than
the two other window types.
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Vertical Dormer Roof

Figure 58. Fish-eye rendering of view toward the window wall under sunny sky conditions in December at 12:00 hours. The

images show that the sunlight comes directly into the field of view in all three cases. For the roof window however, the sunlight
seems to cause less glare problems.
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Figure 59. Average luminance within a 40° band centred around the observer's eye looking straight ahead towards the window,
under sunny sky conditions, in December at 12:00 hours. The graphs show that because of the direct sunlight penetrating to the
back of the rooms in all three cases, the general luminance levels are about the same.



Daylight Glare Index

A glare index describes the subjective magnitude of glare discomfort with
high values illustrating uncomfortable or intolerable sensation of discomfort.
It also provides the designer with an indication of how to control and limit
glare discomfort. However, most of the equations developed do not (unfor-
tunately) predict the sensation of glare from daylight accurately.

In studies about visual comfort, it has been the custom to use a
(discomfort) glare index to assess the degree of visual discomfort in a
particular situation. A glare index is simply an empirical formula connecting
directly measurable physical quantities (e.g. source luminance, solid angle of
the glare source, background luminance, etc.) with the glare experienced by
persons exposed to the given conditions. The important variables are:

— The luminance of the glare source.

— In the case of windows: the luminance of the sky as seen through the
window (the brighter the source or sky, the higher the index);

— The solid angle subtended by the source. In the case windows: the
apparent size of the visible area of sky at the observer’s eyes (the larger
the area, the higher the index);

— The angular displacement of the source from the observers line of sight.
In the case of windows: the position of the visible sky within the field of
view (the further from the centre of vision, the lower the index);

— The general field of luminance controlling the adaptation levels of the
observer's eye (also called the background luminance). In the case of
windows: the average luminance of the room excluding the visible sky
(the brighter the room, the lower the index).

The Daylight Glare Index (DGI) remains the most widely used indicator for
sensation of glare despite its accepted limitations. Particular concerns exist
about the treatment of source and background luminance relationships in the
DGI. In the present case of analysing potential glare problems in a simple
room with a relatively small window, the latest literature indicates that the
DGI may overestimate the glare when assessed from a position near the
window. However, when assessed from the centre or the back of the room
the glare assessment may be more reliable. Therefore the DGI values were
calculated from a position at the centre of the room.

The interpretation of the DGI values have been discussed in the literature,
and Table 7 shows the typical scale of perception.

Table 7. The perception of the DGI.

DGI Perception
>28 Intolerable
28 Just intolerable
26 Uncomfortable
24 Just uncomfortable
22 Just acceptable
20 Acceptable
18 Noticeable
16 Just perceptible

In the following pages the calculated DGI values are shown as predicted by
the Radiance Lighting Simulation System for different sky conditions and
predicted for a person positioned in the centre of the room looking towards
the window.
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Overcast sky conditions

Figure 60 shows the calculated DGI values for the three window under over-
cast sky conditions. All values were within the range of “acceptable” values.

Daylight Glare Index, Overcast sky
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Figure 60. Daylight Glare Index calculated for overcast sky conditions for the three window types. All
values were within the range of “acceptable” perception. The DGI value was somewhat higher with the
dormer window than with the vertical window, which again was higher than for the roof window.

Intermediate sky

For the intermediate sky condition (October at 12:00 hours), the calculated
DGl values for the North oriented windows were “noticeable” on the discom-
fort glare scale. For the West windows the ratings were “acceptable” for all
windows, while for the South windows the rating were “just acceptable”.

Daylight Glare Index, Intermediate sky
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Figure 61. Daylight Glare Index calculated for intermediate sky conditions for the three windows and
three orientations.



Sunny sky conditions

For the cases of sunny sky conditions there was much more variation over
time and for the three window types. Figure 62, Figure 63 and Figure 64
show the calculated results for the South facing, the West facing and the
North facing windows, respectively.

Daylight Glare Index, South facing windows
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Figure 62. Radiance calculated Daylight Glare Index from centre of the room when viewing towards the
South facing windows. For each month DGI was calculated for all hours when direct solar radiation
penetrated the room. In the summer months the DGl ratings were significantly worse for the dormer
window, while the ratings were almost the same during the winter months.

Figure 62 shows that for the South facing windows the DGI rating were sig-
nificantly worse in the summer months for the dormer window, in the “un-
comfortable” range, while the ratings were almost the same for all windows
“just uncomfortable” or “uncomfortable” during the winter months.

For the West facing windows, the DGI rating seemed to be almost the
same for the three window types, all going to the “just uncomfortable” range
in the winter months and “uncomfortable” or “just intolerable” range in the
summer months, see Figure 63.
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Figure 63. Radiance calculated Daylight Glare Index from centre of the room when viewing towards the
West facing windows. For each month DGI was calculated for all hours when direct solar radiation pene-
trated the room. The DGl rating seemed to be almost the same for the three window types, all going to
the “just uncomfortable” range in the winter months and “uncomfortable” or “just intolerable” range in the
summer months.



56

Figure 64 indicates that for the North facing rooms, the DGI ratings were
significantly worse for the roof window than for the two other window types,
rising to the “uncomfortable” range in the summer months, May-July. The
reason for this may be that bright patches of sunlight fall on the window lin-
ings, without really penetrating into the room. An example of this is shown in
Figure 65 of the Radiance pcond rendering for May at 10:00 hours. However
previous research (Christoffersen, 1999) indicates that direct sun through
North facing windows is likely to be appreciated in spite of the high illumi-
nances.

Daylight Glare Index, North facing windows
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Figure 64. Radiance calculated Daylight Glare Index from centre of the room when viewing towards the
North window. For each month DGI was calculated for all hours when direct solar radiation penetrated
the room. For the North facing roof window this occurred in early morning hours and late afternoon/early
evening hours. The DGl ratings were significantly worse for the roof windows than for the two other win-
dow types, rising to the “uncomfortable” range in the summer months, May-July.

Figure 65. Radiance pcond rendition for North facing roof window in May at 10:00 hours.



Luminance Difference Index

The Luminance Difference index (LD) was developed by Parpairi et al.
(2003) through a field study investigation in three library buildings in Eng-
land. The field study included subjective evaluations with questionnaires.

The Luminance Difference index is a number calculated by summing the
logarithm of the absolute difference in luminance between subsequent points
of a cylindrical luminance map. The cylindrical luminance map is obtained by
measuring the luminance from a point and rotating the luminance meter 360°
on a horizontal or vertical plan (measurements taken every 15°).

It should be noted that this mathematical model makes it possible to dif-
ferentiate between one big peak difference in the pattern of variations and a
number of smaller differences, (which is the main interest of this model).

Parpairi et al. (2003) found a moderately strong correlation coefficient
(0.65) accounting for 42 % of the variance on the dependent scale (R*=42)
for LD 45h and LD 180h (Lumininance Difference index with points meas-
ured 45° apart and 180° apart, horizontal cylindrical plan). Note that the sig-
nificantly and moderately strong correlation found between brightness rat-
ings and LD 45h and LD 180h indicate that the higher the LDs, the brighter
the space is perceived. In other words, the noisier (variable) the field of view
in terms of luminance, the brighter the space will appear.

The Luminance Difference index, LD45h, was calculated for selected
sunny days and hours as shown in Figure 66. There are small differences
between the LD45h values of the three cases, except for the values on mid-
day in June. A higher LD45h index indicates that the room has a higher
variation in luminances in the “horizontal field of view”, and is likely to be
perceived as being more bright, more pleasant, more cheerful and more ra-
diant on the semantic scales: Unpleasant—Pleasant, Gloomy—Cheerful, Dim-
Bright and Dull-Radiant, respectively. However, compared with the differ-
ences found in luminance distributions and the Daylight Glare Index, the
LD45h index seemed to give little information for these particular room and
window configurations.

Luminance Difference index, LD45, South facing windows
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Figure 66. The calculated Luminance Difference index (LD45h) for selected hours and months of the
year, and for South facing windows. The higher the LD-index, the brighter the room is perceived. The
graph shows that the room with the roof window would be perceived as the brightest in the summer.
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Figure 67 shows the calculated LD180h index for the same cases as in
Figure 66. There seems to be no consistency between the two indices, ex-
cept for the fact that there are only minor differences for the three window
types. The concept of the LD index does not in itself express that above a
certain value of the LD the lighting quality of the room is “high”, or below a
certain value the quality is “poor”. Therefore the value of the two indices
LD45h and LD180h would normally be different, as they were here. Great
variation (high LD value), meaning that there are many luminance peaks
within the angle of view (i.e. 45° for the eye movement or 180° for the move-
ment of the head) is highly appreciated, in contrast to a bland, monotonous
environment (low LD value).

In principle the LD index would be best in comparisons of different room
or window configurations, as tried here. Unfortunately, the calculated results
for the three windows did not provide useful information.

Luminance Difference index, LD180, South facing windows
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Figure 67. The calculated Luminance Difference index (LD180h) for selected hours and months of the
year. The higher the LD-index, the brighter the room is perceived. The graph shows that in general there
were only small differences in the LD180 index for the three rooms.

Figure 68 shows the calculated LD45h values for the West facing windows.
Again, there seemed to be little information on the lighting quality of the
room, or differences in expected visual perception between the three rooms.

Luminance Difference index, LD45, West facing windows
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Figure 68. The calculated Luminance Difference index (LD45h) for selected hours and months of the
year, and for West facing windows. Only hours with direct sun entering then rooms are included.



Scale of Shadows

The Scale of Shadows developed by Sophus Frandsen (Frandsen, 1989) is
a systematic description of the relation between the light source and the ob-
ject. The scale has 10 subjectively evaluated equal intervals, showing on a
sphere the result of the change from a parallel to a diffuse light source.
Geometrically it is defined by the percentage of the (partially) shaded areas
on the sphere (0 %, 10 %, 20 %, etc.) and produced by a circular light
source of which the maximum, corresponding sky factor is 0 %, 1 %, 4 %,
etc. — all the whole squares from 1 to 100. In parallel light the shadows are
so sharp and so dense that objects almost loose their form. Even tiny pits on
the object’s surface are big enough to create harsh and disturbing shadows.
In the very diffuse light the lack of shadows means lack of three-dimensional
form. A sphere looks flat and not spherical, and texture is missing.

The “optimal” combination of parallel light and diffuse light depends on
the type of visual task that takes place in the room. The greater the differ-
ence between the physical size of the main form and that of the detail, the
more difficult it becomes to simultaneously optimise the lighting on both. The
greater the interest of the detail and texture, the smaller a shadow type is
needed, and the greater the interest of the room and the totality, the greater
a shadow type is needed. Frandsen have also defined the Four Shadows
(Frandsen, 1989), described by the prevailing shadow types in an ordinary
sidelit room: A. the big room shadow, B. the big object shadow, C. the small
object shadow, and D. the small detail/texture shadow. The combination of
the Four Shadows and the Scale of Shadows, also called the Scale of Light,
is indicated in Table 8, which may help in evaluating the appropriate lighting
conditions for different tasks.

Table 8. The relation of the four types of shadows to the scale of shadows, according to Frandsen.

The Four Shadows The Scale of Shadows
A. The big room shadow Shadow types 4,5-10
B. The big object shadow Shadow types 3-7

C. The small object shadow Shadow types 1,5-4,5
D. The small detail/texture shadow Shadow types 0-1,5

The light from a window in a real room is not parallel, but the relative inten-
sity between the primarily directional light and the primarily diffuse light in
any point of the room determines the shadow type on the Scale of Shadows.
This may then be used as one indication or one parameter of quality for a
certain task at that point of the room.

In the Radiance simulations a series of four spheres were placed in the
centre line of the three rooms, 1, 2, 3 and 4 m from the windows and at 1.2
m above the floor level. The following pages show examples of the render-
ings for overcast sky conditions and for a few sunny sky conditions. Probably
the area of greatest interest for performing a certain task, which may include
recognising details or texture of an object, would be in the half of the room
nearest the window. This is also the part of the room where the concept of
the Scale of Shadows makes most sense, since it is here that the directional
light is more intense than the diffuse. At the back of the room the reflected
light will often be dominating, creating shadow types 9 and 10, while the
window itself (if all surfaces were black) would create shadow type 0 to 2.
However, as mentioned, this is beyond the concept of the Scale.
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When choosing an appropriate illuminance scale (lux) or luminance scale

(cd/m?), the false colour rendering sometimes (but not always) helps in es-
tablishing the type of shadow on each of the spheres, as shown in the fol-
lowing figures.

Overcast sky conditions

For the overcast sky, see Figure 69, the form of the spheres is perhaps most
easily recognised at some distance (at the second sphere) with the vertical
and the roof window, while with the dormer window it seems to be better
shown closer to the window. The shadow types for the sphere closest to the
window seem to be 5 (vertical), 5-6 (dormer), and 7-8 (roof), respectively.
For the second of the spheres, the shadow types seem to be 4 (vertical), 5
(dormer), and 5 (roof), respectively. The form of the spheres is perhaps most
easily recognised at some distance (at the second sphere) with the vertical
and the roof window, while with the dormer window it seems to be better
shown closer to the window.

Figure 69. Overcast sky conditions. Section of the three rooms illustrating the scale of shadow. Mainly
the 2 or 3 spheres closest to the window have interest. The shadow types for the sphere closest to the
window seem to be 5 (vertical), 5-6 (dormer), and 7-8 (roof), respectively. For the second of the
spheres, the shadow types seem to be 4 (vertical), 5 (dormer), and 5 (roof), respectively. The form of
the spheres is perhaps easiest recognised at some distance (at the second sphere) with the vertical and
the roof window, while with the dormer window it seems to be better shown closer to the window.

Sunny sky conditions

For a number of months and hours under sunny sky conditions the Scale of
Shadows was investigated by Radiance simulation of the rooms with the four
spheres. Figure 70, Figure 71 and Figure 72 show the result for June at 12,
March at 10 and December at 10, respectively. From the Radiance render-
ings one can easily see that the in the room with the roof window the lumi-
nance level is much higher and the interreflected (diffuse) component of the
light on the spheres plays a more significant role than in the other two
rooms.

Figure 70. Sunny sky conditions for South facing windows in June at 12:00. Mainly the 2 or 3 spheres
closest to the window have interest. The images show that the luminance level and the interreflected
component of the light is significantly higher under the roof window than with the other window types.



Figure 71 shows the three rooms at times where the sun hits the sidewalls
near the window. With the dormer window a great part of the sun patch hits
the window linings, and therefore the lighting level and the diffuse part of the
lighting in this room is significantly lower than in the other two rooms. For the
second sphere from the windows this can be seen as a somewhat “smaller”
value on the shadow scale, i.e. type 2 with the dormer window, in compari-
son with types 3 and 4 in the other two rooms.

Figure 71. Sunny sky conditions. South facing in March at 10:00. The images show that the lighting level

and the diffuse lighting component is signinficantly smaller with the dormer window than with the two
other types.

Figure 72 shows the situation in the three rooms with very low sun position.
The sun patches fall on the sidewall and the back wall. In this case the light-
ing level is significantly higher with the vertical window than with the dormer
window and the roof window. The Scale of Shadows can not easily be deter-
mined, but it can be seen that the while the light near the window is almost
purely directional, is quickly changes with the distance from the window, so
that it is almost purely diffuse at the back of room (outside the sunrays).

Figure 72. Sunny sky conditions. South facing in December at 10:0. With the sun at this low position the
sunlight hits the back wall, and therefore the diffuse interreflected light dominates in the depth of the
rooms.

Figure 74 shows how the lighting level and the distribution changes over the
morning, from 8:00 hours till noon. One can observe that the level in general
is significantly higher under the roof window. One can also get the impres-
sion that the perception of the form of a small object would be somewhat
more difficult in the room with the roof window because of the high level of
diffuse interreflected light. Since a major part of the diffuse light is reflected
from the floor (South facing window), one way to “adjust the balance” be-
tween directional light and diffuse light would be to decrease the light reflec-
tance of the floor.
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South, March at 08:00 South, March at 10:00 South, March at 12:00

Figure 73. Radiance pcond images of three rooms over the morning on a sunny day in March. The im-
ages clearly show that the lighting level increases significantly with the solar height (solar altitude an-
gel).

Figure 73 illustrates the changes of the light distribution in the morning of a
sunny day in March with the three window configurations.

Figure 74 shows the situation with low sun position and sun patch on the
back wall, similar to the images of the South facing windows in December at
10:00 hours (Figure 72).

Figure 74. West facing in March at 16:00: The sunlight hits the back wall, and therefore the diffuse inter-
reflected light dominates in the depth of the rooms.

Conclusion regarding the use of the Scale of Shadows

Although the Scale of Shadows does not cover situations with several light
sources, like in a small room with light coloured surfaces, the concept
proved to be very useful for the prediction of an immediate impression of the
luminous environment of the room. The practical use of the concept by intro-
ducing a number of spheres in the Radiance simulations added to the under-
standing of the importance of the light's components (directional and diffuse)
to the perception of objects in the room.

However, it was not a question of correct determination of the type of
shadow on the scale. The images themselves as well as the false colour
renderings gave good impression of how the rooms would be perceived in
reality and how the form of objects would be recognised.



Use of 3-layer glazing unit

For a few cases analyses were made with a 3-layer glazing instead of the
double-glazing otherwise used. The main difference in the analyses was, as
expected, that the illuminance and luminance levels were reduced according
to the lower light transmittance of the glazing. Figure 75 shows the optical
properties of the 3-layer glazing, which had 3 coatings. The total light trans-
mittance was 0.52 compared with the double-glazing where it was 0.78.

Optical properties of 3-layer glazing unit
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Figure 75. Optical properties of the 3-layer glazing unit used in a few of the analyses.

Horizontal illuminance

Figure 76 shows the calculated illuminances along the depth on a horizontal
plane of the room with the roof window for a sunny sky in March at 12:00
hours. The illuminance dropped with the 3-layer glazing to 66 % of that
found with the double-glazing, in accordance with the transmittance ratio.

Horizontal illuminances, sunny sky in March at 12:00 hours
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Figure 76. Calculated illuminances along the depth of the room on a horizontal plane with the roof win-
dow for a sunny sky in March at 12:00 hours using 2-layer and 3-layer glazing , respectively.
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Luminance distribution and DGI

Figure 77 shows the Radiance renderings with the roof window with 2-layer
glazing (left) and 3-layer glazing (right) and the corresponding iso-luminance
contours. As expected, all the luminances dropped to about 66 % with the 3-
layer glazing, corresponding to the ratio of the glazing light tranmittances:
0.52/0.79 = 0.66. The peak luminance, for instance dropped from 15,000
cd/m? to 9,000 cd/m?.

Figure 77. Radiance renderings of the room with 2-layer and 3-layer glazing units in the roof window.
Calculations were made for March at 123:00 hours.

The Daylight Glare Index, DGI, was calculated by Radiance for the 3 window
configurations and the two glazing types. Figure 78 shows that the DGl in all
cases dropped to a “just uncomfortable” level for the vertical and dormer
windows, and to an “acceptable” level for the roof window. The drop in DGI
was to be expected since by definition of the index, the luminance of the
“light source” (the window) is raised to the power 1.6 in the nominator, while
the value of the background luminance is used directly in the numerator.

Daylight Glare Index, Sunny sky in March at 12:00 hours
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Figure 78. Calculated DGI for the three windows with 2-layer and 3-layer glazing units. The DGI
dropped with the 3-layer glazing.



Assessment of the need for solar shading

Luminance is the only visually perceptible unit of photometric measurement.
When surfaces with large differences in luminance occur side-by-side, as is
often the case in daylit environments, our eyes may have difficulty in adapt-
ing to the wide field of luminances, leading to possible visual discomfort and
a potential reduction in visual performance. If appropriately selected and
controlled, shading devices can significantly reduce luminance differences.

While it would make sense to use luminance as the basis for lighting re-
commendations or code requirements and their assessment in terms of light-
ing quality, its dependence on observer position and daylight variability
makes it difficult to judge compliance with a simple set of numbers. Lumin-
ance and luminance ratios (and contrast) can perhaps be seen as a subset
of glare, but they have implications beyond glare. The likely impact of a par-
ticular luminance ratio between surfaces is judged by whether or not it ex-
ceeds a recommended maximum (van Ooyen et al., 1987). The general rule
is to avoid bright light patches in the visual field, which can cause disability
and discomfort glare. According to Veitch (2000), direct glare and excessive
luminance contrast can create undesired arousal and stress. The typical
recommended maximum luminance value is 1,000 cd/m?, which is often re-
lated to office work and to the luminance of an average (old type CRT) com-
puter screen of 85 cd/m?. Little research has been conducted specifically for
daylit interiors. However, surveys appear to indicate that ratios of up to
1000:1 are frequently tolerated in daylit offices if views and other amenities
compensate for possible glare experiences (Osterhaus, 2001). For residen-
tial buildings it can therefore be expected that significantly higher maximum
luminance values would be accepted by most people.

Depending on whether a bright patch is directly in the field of view or not,
the accepted luminance may be as high as 2,500 cd/m? or even up to 5,000
cd/m? at some angular displacement from the line of sight. In the following
analysis of the need for a shading device for protection against glare, a lu-
minance value of 2,500 is used for patches on the sidewalls while 5,000
cd/m? is used for patches on the floor as limits of acceptance.

The following pages show calculated luminances and areas of sun
patches on the right wall (WR) and on the floor (FL) for the three rooms with
South, respectively West facing windows. It should be noted that these fig-
ures show only the bright patches on selected surfaces in the room under
sunny skies.

A sky of high luminance as viewed directly through the window will of
course also be a potential glare source. The brighter the sky, and the greater
the apparent size of the visible area of the sky at the observer’s eyes, the
more uncomfortable the condition will be. For the roof window the visible
area of the sky will always be significantly greater than for the vertical win-
dow and the dormer window. Furthermore, under overcast and partly
clouded skies, the illuminance of the visible area through the roof window
will often be significantly higher than the areas that are visible through the
vertical and dormer windows. This may certainly call for a more frequent use
of a shading device with the roof window. However, since the position of a
user of the room is not defined a comparison of potential glare from cloudy
skies has not been included in the study.

Figure 79 shows the calculated luminances of sun patches for all hours
from 8:00 to 17:00 hours on the right wall (WR) and on the floor (FL) for the
three rooms with South facing windows. The “symmetrical”’ values will ap-
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pear on the left wall at symmetrical hours, and in the symmetrical months,
i.e. November as in January, October as in February, etc.

The results showed only small differences in the luminance levels of the
sun patches on the floor. In the summer months May, June and July, the lu-
minances were about 10 % higher under the roof window than with the other
window types. Since the human perception is logarithmic, this difference is
insignificant. For the sun patches on the right sidewall (when looking towards
the window from the inside),WR, the differences were more significant in the
summer. In April and August there were no sun patches with the dormer
window, while there were two hours with sun patches of luminances above
5,000 cd/m? with the vertical window and the roof window. In the summer
months May, June and July, there were only sun patches on the sidewall
under the roof window, cf. Figure 79.
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Figure 79. Luminances of sun patches on the side wall (WR) and on the floor (FL) with the three window configurations. All hours
from 8:00 to 17:00 are included for the 7 months from December — June. The most significant difference was that in May, June
and July there were only high luminance spots on the sidewall under the roof window, while no spots with the other two types.
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Figure 80. Size of all sun patches in the South facing rooms under direct sun in the months December-June and from 8:00 to

17:00 hours.



Figure 80 shows the size of all sun patches in the South facing rooms un-
der direct sun from 8:00 hours to 17:00 hours. The figure shows that in the
months April-August the greatest patches occur under the roof window. In
combination with the high illuminance values, this clearly indicates that there
is a strong need for a shading device on the roof window to avoid glary sun
patches on the walls. In the months September-March the illuminances are
about the same for the three windows and the size for patches are smallest
for the roof window.

To get an estimate of how often the sun patches of high luminance will occur
in each month, it is necessary to combine the “critical hours” with the prob-
ability of the given sky condition at this hour of the month in question. For
example: The high luminance patches on the sidewalls (almost 5.000 cd/m?)
with the South facing windows occur at 10:00 and 14:00 hours. From Figure
81 it can be seen that at these hours in January the solar altitude is about
10°. From Figure 82, the upper curve (yellow) shows that for SH = 10° the il-
luminance on a sunny day will typically be about 17,000 lux. Figure 83 then
shows that in January 17,000 lux is reached about 10 % of the hours 8-18,
i.e. about 30 hours.
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Figure 81. Solar diagram showing the sun position (Azimuth, Solar Height) as function of month and
hour for Denmark.
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Frequency of global iluminance on horizontal, 8:00-18:00 hours
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Figure 83. Cumulated frequency of global illuminance on horizontal for the months December — June.

This is of course only a crude estimate of how many hours in January that
there may be sun patches in the rooms with critical high luminances. Analy-
ses of the “critical hours” and corresponding illuminance levels for all months
are given in Table 9. All hours where the luminance spot on one of the side-
walls exceeded 2.500 cd/m? or the luminance spot on the floor exceeded
5,000 cd/m? were included. The estimated hours when a shading device
would be required was about 520 hours with the vertical and the dormer
windows, while about 840 under the roof window. If the limits were chosen at
different values, e.g. 2,000 cd/m? on the sidewalls and 3,000 cd/m? on the
floor, the numbers of critical hours would be higher. But the figures can be
used as a relative measure and for comparison of the three window configu-
rations. Since the position and the view direction of an occupant was not de-
fined, the estimated hours did not include hours where high luminances of
the sky seen directly through the windows would cause visual discomfort.

Table 9. Estimated hours in each month and for the whole year where a solar shading device would be required to reduce visual
discomfort in the room from high luminance sun patches in the rooms with South facing windows. The critical hours has been
determined as hours when the luminance on the side walls exceeded 2.500 cd/m? or the luminance on the floor exceeded 5.000

cd/m2,

Critical Nlumi- %  Hours Critical lllumi- %  Hours Critical lllumi- %  Hours

hours Ver- nance hours Dor- nance hours nance

tical limit mer limit Roof limit
Jan 10,14 17,000 10% 30 10, 14 17,000 10% 30 10,14 17,000 10% 30
Feb 0 0 12 2% 5
Mar 9-15 43,000 20% 60 9-15 43,000 20% 60 9-15 43,000 20% 60
Apr 10-14 68,000 17% 50 10-14 68,000 17% 50 8-16 45000 44% 130
May 9-15 71,000 27% 80 9-15 71,000 27% 80 8-16 58,000 40% 120
Jun 10-14 82,000 18% 50 10-14 82,000 18% 50 8-16 59,000 40% 120
Jul 9-15 71,000 27% 80 9-15 71,000 27% 80 8-16 58,000 40% 120
Aug 10-14 68,000 17% 50 10-14 68,000 17% 50 8-16 45,000 44% 130
Sep 9-15 43,000 20% 60 9-15 43,000 20% 60 9-15 43,000 20% 60
Oct 0 0 12 2% 5
Nov 10,14 17,000 10% 30 10, 14 17,000 10% 30 10,14 17,000 10% 30
Dec 10,14 12,000 10% 30 10, 14 12,000 10% 30 10,14 12,000 10% 30
Year 520 520 840




Figure 84 shows the calculated luminances of sun patches for all hours from
8:00 to 17:00 hours on the right wall (WR) and on the floor (FL) for the three
rooms with West facing windows. The figure shows that in the months Octo-
ber-April the vertical window and the roof window gave very high illuminance
patches (5 — 15,000 cd/m?) on the sidewall, while there were no patches on
the sidewall in the summer.

Luminance of sunpatches, West windows

20000 T T T T T T T T T T T 17T

B \Vert-WR

¢ Dorm-WR [ |
£ 15000 4 4 Roof-WR
8
£ —&— Vert-FL A
© _ f
g_ 10000 . —&— Dorm-FL !
2 —A—RoofFL A .
o
3 ) i
= 1
£ 5000
3 i 1

S
0 1T T

11 16 11_ 16 11 16 11 16 11 16 11 16 11 16

Jan Month and hour (11-20) May Jun Dec

Figure 84. Calculated luminances of sun patches on the right wall (WR) and on the floor (FL) for the three rooms with West fac-
ing windows for the hours 08:00 — 17:00. The figure shows that in the months October-April the roof window and the vertical
window give higher illuminance on the sidewalls than the dormer window.

Figure 85 shows the size of all sun patches in the West facing rooms under
direct sun from 12:00 hours to 20:00 hours. It can be seen that there are no
big difference in the sizes of patches with the three different windows.
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Figure 85. Size of all sun patches in the West facing rooms under direct sun in the months December-June and from 12:00
hours till 20:00 hours.
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Table 10. Estimated hours in each month and for the whole year when a solar shading device would be
required to reduce visual discomfort in the room from high luminance sun patches in the rooms with

West facing windows. The critical hours has been determined as hours where the luminance on the side
walls exceeded 2,500 cd/m? or the luminance on the floor exceeded 5,000 cd/mz2.

Critical llluminance %  Hours Critical [llluminance %  Hours Critical llluminance %  Hours

hours limit hours limit hours  limit

Vertical Dormer Roof
Jan 14 17.000 2% 5
Feb 13-16 12,000 15% 45 0 14-16 12,000 10% 15
Mar 14-17 16,000 18% 60  15-17 43,000 15% 60 13-17 16,000 24% 60
Apr 14-16 26,000 14% 40  14-16 26,000 14% 40 12-16 26,000 30% 90
May 15-16 34,000 12% 35  14-16 34,000 16% 50 12-16 34,000 45% 140
Jun 14-16 60,000 7% 20 14-16 60,000 % 20 12-16 60,000 25% 75
Jul 15-16 34,000 12% 35  14-16 34,000 16% 50 12-16 34,000 45% 140
Aug 14-16 26,000 14% 40  14-16 26,000 14% 40 12-16 26,000 30% 90
Sep 14-17 16,000 18% 60  15-17 43,000 15% 60 13-17 16,000 24% 60
Oct 13-16 12,000 15% 45 0 14-16 12,000 10% 15
Nov 14 17,000 2% 5
Dec 15 7,000 3% 10
Year 390 320 695

Conclusion regarding the need for solar protection
From the analyses of sun patches in the South and West facing windows
combined with the cumulated frequency of global illuminance the relative
need for the use of solar shading were estimated. For the windows facing
South the vertical windows and the dormer window had about the same
number of hours, 520 hours with the chosen criteria, when solar shading
would be needed. The room with the roof window needed shading in about
60 % more hours, or 840 hours over the whole year.

For the West facing windows, the situation was about the same. Shading
was needed 390 hours with the vertical window, 320 hours with the dormer
window, and about twice the number of hours, about 700 hours, with the roof
window.

Impact of screen and Venetian blinds

Radiance simulations were made for two types of shading devices, an exte-
rior fabric (screen type) and an interior Venetian blind.

The exterior shading was a dark grey textile with small holes mounted
parallel to the glazing. The fabric causes almost no scattering of the trans-
mitted light but have a direct transmittance of 18 %.

Luminances in the field of view with the screen

The screen type reduced the illuminance and luminance levels significantly.
Figure 86 shows the luminances in the field of view when looking towards
the window, in March at 12:00 hours. For all three window types the average
luminance (40° band) dropped from around 5,000 cd/m? to around 1,000
cd/m2. The luminance ratio between the window and the surroundings re-
mained about the same, namely 10:1. The maximum luminance at the cen-
tre of the windows dropped from 15,000 to 2,800 cd/m?, i.e. a reduction to
18 %, as expected.



Luminances in the field of view (40° band) in March at 12:00 hours
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Figure 86. Luminances in the field of view, when looking towards the window, in March at 12:00 hours with South facing windows.

The lower 3 curves (SH) show the average luminances with the dark grey fabric screen. All average luminances were reduced to
about one third when the screen was used.

Figure 87 shows the corresponding Radiance fish-eye rendition of the room
with the roof window, in March at 12:00 hours, facing South. The screen sig-
nificantly reduced the luminances of the window and the sensation of direct
glare from the “light source”. It was most obvious that the extreme luminance
of the sun patch on the partly specular floor did not show when the screen
was used. This can be seen from the iso-luminance contours of Figure 87.

Figure 87. Radiance pcond rendering of iso-luminance contours for the roof window in March at 12:00
hours, without (left) and with (right) the dark grey screen.
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Luminances in the field of view with the Venetian blinds
The venetian blinds were the same for the the vertical and the dormer win-
dows, while the slats were smaller for the roof window, see Figure 88.

Outside Inside

Outside

Inside

Vertical and dormer windows Roof window

Figure 88. Definition of slat angle for the Venetian blinds for the vertical, the dormer and the roof win-
dow.

The Venetian blinds reduced the illuminance and luminance level in the
room significantly more than the screen. Figure 89 the average (40° band)
luminance in the field of view when looking towards the window, without
blinds and with Venetian blinds (vb). The average peak values were some-
what higher than with the screen, while the general luminance levels were
significantly lower.
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Figure 89. Luminances in the field of view, when looking towards the window, in March at 12:00 hours with South facing windows.
The lower 3 curves (vb) show the average luminances with the Venetian blinds with the slats moved to direct-sun cut-off position,
see Figure 91. Except for the peak of the window, the general level was reduced to less than 5 % when the blinds were used.

Figure 90 shows the Radiance fish-eye (pcond) rendering and the iso-
luminance contours for the roof window without and with the Venetian blinds.
It can be seen that there are some reflections from the slats causing very
high luminances.




Figure 90. Radiance pcond rendering of iso-luminance contours for the roof window in March at 12:00
hours, without (left) and with (right) the Venetian blinds. The slats were white on the inside and silver
specular on the outside.

In the simulations the angle of the slats were tilted to the calculated cut-off
angle, i.e. the minimum angle that prevent direct sun to penetrate. The an-
gles for each of the simulated cases are shown in Figure 91, and the defini-
tion of the angle is illustrated in Figure 88.

Month.hour Slat angle °
Vertical and
dormer window  Roof window

Mar 08 -30 229

Mar 12 -19 .95

Mar 16 -40 -32

May 08 -10 )

Jun 10 +17 6

Dec 12 -45 .34

Figure 91. Radiance rendering of the roof window with the Venetian blinds. The table shows the angles
of the slats of the Venetian blinds as defined in Figure 88 for each of the simulation hours (cut off an-

gle).

Luminance distribution on surfaces

Figure 92 show the luminance distribution on the room surfaces with the roof
window in March at 12:00 hours with the Venetian blinds and without. The
most significant luminance reduction with the blinds was on the floor, where
the luminance was reduced to about 1 % of that without the blinds, see
Figure 92.
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Figure 92. Luminance distribution on surfaces in the room with roof window. Minimum, maximum, me-
dian, mean and interquartile range (q1, g3) for luminances (cd/m?) of surfaces in the view towards the
window wall, under sunny sky conditions in March at 12:00 hours.

Daylight Glare Index

The daylight glare indices as perceived from the centre of the rooms were
calculated for March at 12:00 hours for the three windows in the normal case
with double-glazing, with triple glazing, and with the two shading devices.
The results showed that the screen reduced the DGI value significantly,
while the Venetian blind increased the DGI for all window types, see Figure
93. For the roof window, the DGI rose from “just uncomfortable” to “uncom-
fortable” on the perception scale, see Table 7 on page 53. The reason for
this could be that the luminance of the window area was only reduced to
about on third, while the luminance on all other surfaces dropped to 1-2 %.

Daylight Glare Index, Sunny sky in March at 12:00 hours
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Figure 93. Radiance calculated values of the Daylight Glare Index, DGI, for the two types of glazing and
for the double-glazing with the two shading devices.



Renderings for furnished rooms

In order to achieve a more realistic view of the three rooms and the window
configurations, Radiance renderings were made with furniture. Figure 94
shows the pcond and false colour renderings for the three cases in May at
11:00 hours. The first impression was that the roof window gave a signifi-
cantly brighter room, which were also confirmed by the false colour images.

Because of the chosen viewpoint in the images of Figure 94, the geome-
try of the rooms and the form of the furniture seemed somewhat disturbed.
Therefore new images were made with a viewpoint in the symmetry line of
the room, as shown in Figure 95. From these images the high luminance of
the windows seemed to be more critical with the vertical and the dormer
window than with the roof window, mainly because of the higher luminance
level under the roof window.

Figure 94. Radiance pcond and false colour renderings for the three rooms with furniture.
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Figure 95. Radiance images of the three rooms seen from a viewpoint in the symmetry line. The high
luminance of the windows seem to be more critical with the vertical and the dormer window than with
the roof window, mainly because of the higher general luminance level under the roof window.
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The present report documents the results of a study on
daylight conditions in simple rooms of residential build-
ings. The overall objective of the study was to develop a
basis for a method for the assessment of daylight quality
in a room with simple geometry and window configura-
tions. As a tool for the analyses the Radiance Lighting
Simulation System was used. A large number of simulati-
ons were performed for 3 rooms (window configurations)
under overcast, intermediate, and 40-50 sunny sky con-
ditions for each window (7 months, three orientations and
for every other hour with direct sun penetration through
the windows). A number of light indicators allowed un-
derstanding and describing the geometry of daylight in
the space in a very detailed and thorough manner. The
inclusion of the daylight factor, horizontal illuminance,
luminance distribution, cylindrical illuminance, the Day-
light Glare Index, vertical-to-horizontal illuminance ratio
as well as scale of shadow gave valuable information
allowing a detailed description of the three-dimensional
geometry of daylight in the space. It should be mentio-
ned however, that there is no universal definition of light
quality. The approach in this study was to analyse dif-
ferences in daylighting conditions for a number of lighting
parameters. The results gave clear indications of, for
instance, which room would be the brightest, under which
conditions might glare be a problem and which type of
window would yield the greatest luminous variation (or
visual interest), etc.
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