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Abstract

Daylighting is related to the user's psychological and physiological effects in educational space. The amount of daylighting significantly
influences visual comfort, work tasks, academic performance and productivity. Thus, proper lighting with sufficient uniform levels of
illuminance should be provided in classrooms. Adequate daylight improves visual performance and comfort for both students and
teachers, ameliorating negative effects such as eyestrain, headache and lack of concentration. Therefore, daylighting control strategies
are important for learning areas. Installing a light shelf improves indoor daylight quality and also offers shading. Many studies have
investigated light shelf characteristics, with most addressing flat light shelves. A curved light shelf with a translucent ceiling has not
been investigated in Thai classrooms. Window characteristics combined with multiple curved light shelves with translucent ceilings are
also understudied. This study investigated the performance of daylight control strategies in classrooms using a combination of a curved
light-self, translucent ceiling and various window characteristics. Fifty-five types of daylighting techniques using the existing classroom
as the standard were investigated for illuminance levels and daylight uniformity ratio. DIALux 4.13 was used to simulate the illuminance
level, while daylight uniformity ratio was calculated under clear sky conditions for a classroom facing east. Results revealed that for all
the lighting options, illuminance levels surpassed the standard of 300 lux. A three curved light shelf (outside concave-upward and inside
concave-downward) with a 3 m x 6 m translucent ceiling and a 4-horizontal unit with 6-vertical unit window (Option 4.1.3) had the
highest uniformity ratio and gave a better result than the other options (0.300) but still did not reach the standard (0.8). Based on this
finding, thus, a three curved light shelf (outside concave-upward and inside concave-downward) with a 3 m x 6 m translucent ceiling
and a 4-horizontal unit with 6-vertical unit window should be used in classrooms in Thailand and other buildings with similar
characteristics.

© 2025 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license
(https://creativecommons.org/licenses/by/4.0/).

1. Introduction

Numerous studies revealed that daylight has significant restorative
effects on human. Daylight can have effects on cognitive,
affective, physical and clinical outcomes. The main investigated
factors, for example, are presence of an opening, orientation of the
opening, opening characteristics, position in relation to the
opening, sky condition and sun position [ 1]. Furthermore, daylight
has effects on mood disorder through circadian rhythms [2]. Bright
light is an antidepressant for seasonal and other depressions [3].
Moods of people with neurodegenerative disease can be improved
by using daylight [4].
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Many studies [5,6] have shown that daylight depreciation in a
classroom reduces the performance of both students and teachers.
Negative effects such as eyestrain, headache and reduced
concentration arise when the amount of daylight is too low or too
high. The lack of uniform daylighting also induces visual
discomfort and increases stress [7]. Thus, appropriate daylighting
is essential in classroom. Moreover, many studies have shown that
daylighting has a significant effect on student health, well-being,
visual comfort, work task performance and productivity [8-12].

Many daylighting techniques have been developed to enhance
light levels and uniformity in an educational space. A light shelf is
a daylighting method that can protect against severe sunlight,
while at the same time enhancing indoor daylight performance by
reflecting light into the inner occupied space giving better light
uniformity [13]. Hopkinson studied the use of light shelves in
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hospitals [14], while Kontadakis et al. (2017) investigated the
effect of light shelves on luminance during the 1980s [15]. Light
shelf parameters include geometry (shape, width, length,
mounting height and tilt angle), surface reflectance (specular or
diffuse) and type of material. They can lead to greater visual
comfort, uniformity contribution and energy saving. Kim et al.
(2019) showed that different light shelf angles redirected daylight
deeper into the teaching space [16]. Lee et al. (2019) studied the
daylighting performance of curved reflectors [17]. They found that
outside concave-upward light shelves better promoted daylight
into teaching space.

Moreover, numerous studies have been carried out in terms of
light shelf’s effects on visual comfort. Pereira de Caastro (1997)
[18] showed that lightshelves can reduce heat gain and glare and
solar heat gain near windows while improving natural lighting in
rooms. Cruz Silva et al. (2003) [19] showed that horizontal light
shelves can reduce solar radiation, making adequate illuminance
and uniform light distribution in university buildings in Brazil.
Lim et al. (2012) [20] found that appropriate glazing and light
shelves can enhance visual comfort in an office in Malaysia. Shen

and Tzempelikos (2013) [21] demonstrated that indoor light
shelves can mitigate glare and enhance comfort. Lim and Heng
(2016) [22] found that a well-designed light shelf can reduce
illuminance by 34.1-62% and improve light uniformity by up to
178.6%.

In Thailand, most of university classroom confront with
daylighting situation such as direct sunlight and non-uniform light.
This situation could yield visual and non-visual problem to Thai
students. Although, there have been several studies in terms of
light shelves in other countries, daylight studies in Thailand have
focused on flat light shelves, with scant research conducted on
curved shaped light shelves. Kanchan (2017) was the first to
investigate the effect of a single curved light shelf for classrooms
in a Thai kindergarten [23]. In 2019, Sok explored the effect of
multiple curved light shelves in university classrooms in Thailand
[24] . His results illustrated that double curved light shelves
increased illuminance but with low uniformity ratio. By contrast,
results in the USA, Korea showed that curved light shelves
improved indoor uniformity ratio [17,25]. Rado (2020) explored
the optimal inclination of multiple curved light shelves to enhance

Table 1. [lluminance levels obtained from Thai standards, IESNA, CIBSE and TIEA [29-33].

Location and tasks IESNA (lux) CIBSE (lux) TIEA (lux) 1994 Interior Ministerial
Regulations No.39 (lux)
Libraries, Classrooms 300 300 300 300
420m
1.00m 1.00m 1.00m 1.00m
: - | TR
5’ oo | B el
2.20m
L 3.50m
J J
. f [ =
L 1.925m S| —4 0.80m 1
. [ E ‘ i m !
il | Y | o 1

8.00 m

Fig. 1. Layout plan and window characteristics of the classroom.

Fig. 2. Illustrating classroom geometry.

(a) transparent glass as the glass facade and clearest story window
(b) light shelf position

(c) transparent ceiling

(d) working plan as shown in Fig. 2.
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daylighting in university classrooms in Thailand [26]. However,
research on curved light shelves in Thailand still showed a lack of
uniformity ratio.

There have been studies on the effect of a combination
between light shelf and translucent ceiling on daylighting
performance in buildings. In Poland, a light shelf with a
translucent ceiling reflected daylight deeper into the back of the
room and improving uniformity ratio [27]. Bora (2024)
investigated the effect of both single curved and flat light shelves
with a translucent ceiling in an office building in Thailand. Results
showed improvement in uniformity ratio but the value did not
reach the standard [28].

Although there have been several studies in terms of light shelf
and translucent ceiling, the effects of window characteristics and
multiple curved light shelves with a translucent ceiling have not
been investigated in Thai classrooms. Therefore, the objective of
this research as to explore the effect of multiple curved light
shelves with a translucent ceiling and window characteristics on
daylighting performance in a classroom in Bangkok, Thailand. In
this study, fifty-five combinations of multiple curved light shelves,
with a translucent ceiling and window characteristics including the
base case, were explored in terms of illuminance level and
daylight uniformity ratio in a classroom under clear sky conditions.
Computer software DIALux 4.13 was used to simulate the
illuminance and uniformity ratio compared to the standard. The
results of this study can be used as design guidelines for
daylighting in classrooms and other buildings with similar
characteristics.

2. Material and methods

2.1. Recommended illuminance level and uniformity ratio for
classrooms

Illuminance level refers to a measure of the amount of luminous
flux falling on the surface area (lumen/m?or lux) [15]. In this study,
horizontal illuminance was investigated. The illuminance standard
value of classroom space is usually 300 lux (as shown in Table 1).
Uniformity ratio measures the proportion of the lowest
illuminance to the average illuminance in the area. Lack of
uniformity ratio renders some parts of the room too bright while
other areas are too dark. According to CIBSE and IESNA,
minimum uniformity ratio should not be less than 0.8. Therefore,
this study used 300 lux as the illuminance standard and 0.8 as the
uniformity ratio standard cited by many articles. The highest
uniformity ratio was chosen as the criterion for choosing the best
option among those that reached the illuminance standard.

2.2. Classroom characteristics

The investigated characteristics of classroom in this study was
represented as a typical university classroom in Bangkok,
Thailand. The classroom was 5 meters wide x 8 meters long and
3.5 meters high as an area of 40 sq.m. The classroom layout,
shown in Fig. 1, had one lecture desk, 15 student tables, a door and
a window.

This classroom had reflectance of the walls 60%, floor 30%
and celling 90%, following the IESNA standard reflectance
coefficients [29].

A window to wall ratio (WWR) of 35, 40 and 50% promoted
better daylight into the classroom [34], with window to floor ratio
(WFR) of 10 to 20% sufficient to receive enough daylight for a

small classroom [35]. In a previous study of daylighting in a Thai
classroom, Rado (2020) used a window size of 2.2 m by 4.15 m
(33% of WWR and 23% of WFR) [26], with classroom window’
s sill height 0.8 m. This study followed Rado’s work and used the
same window characteristics. This is because this window
characteristics normally used in Thailand’s classroom university.
It should be noted that the study was based on there is no obstacle
outside the classroom and the here is no effect of the ground
outside the room. Thus, there is only the effect of direct sunlight
on the considered plane (0.75m). The classroom geometry
characteristics are shown in Fig. 2.

2.3. Simulation method

DIALux 4.13 was used to simulate indoor daylight illumination
[36]. Many studies have indicated that results from using DIALux
compare well with the real environment [37-39, 6]. Moreover, this
study validation of the simulation was conducted through
comparison with illuminances from field measurement by light
sensor and the results from DIALux software (measured on the
desk level (0.75 m) with grids with the size of 0.5x0.5 m). It was
found that the correlation between these two values was
significant (1=0.67, p<0.05), which meant that the results from the
software can be used and acceptable.

Sketchup (2022) designed classroom models with different
combinations of multiple curved light shelves with a translucent
ceiling and window characteristics. In this study, fifty-five
combinations of multiple curved light shelves with a translucent
ceiling and window characteristics were explored in terms of
illuminance level and daylight uniformity ratio in a classroom
under clear sky conditions including the base case. The first option
represented the base case (a glass fagade with no modifications).
Only the east orientation was investigated for each option. The
reason for choosing this orientation because the pretest (an
investigation for all orientation using existing room i glass facade)
shown the highest uniformity ratio results when the room facing
east. Thus, it should be noted that the different results would be if
investigations are carried out in other orientations. Three different
periods of the year were simulated as the equinox (21% of March),
summer solstice (21% of June) and winter solstice (21% of
December). At each period, five measurements were simulated at
8 am, 10 am, 12 pm, 2 pm and 4 pm. It should be noted that this
study measured daylighting performance on the desk level (0.75
m) with grids with the size of 0.5%0.5 m. Illuminances for each
time period were, then, averaged of the grid illuminance. Then,
average illuminances for each three days were computed. After
that, the average annual illuminance was analysed th results of 21%
of March were multiplied by 2 then plus with those of 21 of
March and those 21 of June and were divided by 4). The
uniformity ratios were calculated the similar method to the
illuminance.

Finally, the results of average annual illuminance would be
compared with the classroom illuminance standard of 300 lux. If
there was more than one option above the standard, the average
annual uniformity ratio was used as the main criterion and the
option with the highest uniformity ratio was selected as the best
choice.
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Table 2. Fifty-five options to be tested.

Characteristic

Option

Characteristic

Option Characteristic Option
. Existing room with
Option 1 glass fagade
Option 2 Existing room with Option 2.1
outside three
concave-upward
light shelf
Option 2.2
Option 2.3
Option 2.4
Option 2.5
Option 2.6.
Option 3 Existing room with Option 3.1
outside two concave-
upward light shelf
with an inside two
concave-downward Option 3.2
light shelf
Option 3.3
Option 3.4
Option 3.5
Option 3.6.
Option 4 Existing room with Option 4.1
outside three
concave-upward
light shelf with an
inside three concave-  Qption 4.2
downward light
shelf
Option 4.3

Ceiling with 3m x 6m translucent
ceiling

Ceiling with 2m x 6m translucent
ceiling

Ceiling with 1m x 6m translucent
ceiling

Ceiling with 3m x 6m translucent
ceiling installing vertical element
every 35cm

Ceiling with 4m x 6m translucent
ceiling installing vertical element
every 35cm

Ceiling with 3m x 7m translucent
ceiling installing vertical element
every 35cm

Ceiling with 3m x 6m translucent
ceiling

Ceiling with 2m x 6m translucent
ceiling

Ceiling with 1m x 6m translucent
ceiling

Ceiling with 3m x 6m translucent
ceiling installing vertical element
every 35cm

Ceiling with 4m x 6m translucent
ceiling installing vertical element
every 35cm

Ceiling with 3m x 7m translucent
ceiling installing vertical element
every 35cm

Ceiling with 3m x 6m translucent

ceiling

Ceiling with 2m x 6m translucent
ceiling

Ceiling with 1m x 6m translucent
ceiling

Option 2.1.1
Option 2.1.2
Option 2.1.3
Option 2.2.1
Option 2.2.2
Option 2.2.3
Option 2.3.1
Option 2.3.2
Option 2.3.3
Option 2.4.1
Option 2.4.2
Option 2.4.3
Option 2.5.1
Option 2.5.2
Option 2.5.3
Option 2.6.1
Option 2.6.2
Option 2.6.3
Option 3.1.1
Option 3.1.2
Option 3.1.3
Option 3.2.1
Option 3.2.2
Option 3.2.3
Option 3.3.1
Option 3.3.2
Option 3.3.3
Option 3.4.1
Option 3.4.2
Option 3.4.3
Option 3.5.1
Option 3.5.2
Option 3.5.3
Option 3.6.1
Option 3.6.2
Option 3.6.3
Option 4.1.1
Option 4.1.2
Option 4.1.3
Option 4.2.1
Option 4.2.2
Option 4.2.3
Option 4.3.1
Option 4.3.2
Option 4.3.3

3-horizontal unit with 4-vertical unit window
2-horizontal unit with 6-vertical unit window
3-horizontal unit with 6 vertical unit window
3-horizontal unit with 4-vertical unit window
2-horizontal unit with 6-vertical unit window
3-horizontal unit with 6 vertical unit window
3-horizontal unit with 4-vertical unit window
2-horizontal unit with 6-vertical unit window
3-horizontal unit with 6 vertical unit window
3-horizontal unit with 4-vertical unit window
2-horizontal unit with 6-vertical unit window
3-horizontal unit with 6 vertical unit window
3-horizontal unit with 4-vertical unit window
2-horizontal unit with 6-vertical unit window
3-horizontal unit with 6 vertical unit window
3-horizontal unit with 4-vertical unit window
2-horizontal unit with 6-vertical unit window
3-horizontal unit with 6 vertical unit window
3-horizontal unit with 4-vertical unit window
2-horizontal unit with 6-vertical unit window
3-horizontal unit with 6 vertical unit window
3-horizontal unit with 4-vertical unit window
2-horizontal unit with 6-vertical unit window
3-horizontal unit with 6 vertical unit window
3-horizontal unit with 4-vertical unit window
2-horizontal unit with 6-vertical unit window
3-horizontal unit with 6 vertical unit window
3-horizontal unit with 4-vertical unit window
2-horizontal unit with 6-vertical unit window
3-horizontal unit with 6 vertical unit window
3-horizontal unit with 4-vertical unit window
2-horizontal unit with 6-vertical unit window
3-horizontal unit with 6 vertical unit window
3-horizontal unit with 4-vertical unit window
2-horizontal unit with 6-vertical unit window
3-horizontal unit with 6 vertical unit window
3-horizontal unit with 4-vertical unit window
2-horizontal unit with 6-vertical unit window
3-horizontal unit with 6 vertical unit window
3-horizontal unit with 4-vertical unit window
2-horizontal unit with 6-vertical unit window
3-horizontal unit with 6 vertical unit window
3-horizontal unit with 4-vertical unit window
2-horizontal unit with 6-vertical unit window

3-horizontal unit with 6 vertical unit window
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Option 4.4 Ceiling with 3m x 6m translucent Option 4.4.1 3-horizontal unit with 4-vertical unit window
ceiling installing vertical element 50,449 2-horizontal unit with 6-vertical unit window
every 35cm

Option 4.4.3 3-horizontal unit with 6 vertical unit window

Option 4.5 Ceiling with 4m x 6m translucent Option 4.5.1 3-horizontal unit with 4-vertical unit window
ceiling installing vertical element Option 4.5.2 2-horizontal unit with 6-vertical unit window
every 35cm

Option 4.5.3 3-horizontal unit with 6 vertical unit window

Option 4.6. Ceiling with 3m x 7m translucent Option 4.6.1 3-horizontal unit with 4-vertical unit window
ceiling installing vertical element Option 4.6.2 2-horizontal unit with 6-vertical unit window
every 35cm

Option 4.6.3 3-horizontal unit with 6 vertical unit window
Description Section

Option 1:
Existing room with glass facade

Option 2.1.1:

Existing room with outside three
concave-upward light shelf and ceiling
with 3m x 6m translucent ceiling and a
3-horizontal unit window with 4-vertical
unit window

Option 3.1.1:
Existing room with outside two concave-

upward light shelf with an inside two

350m

080m

350 m
105 m 0,50 m050 m0.65 m|

080 m

concave-downward light shelf and
ceiling with 3m x 6m translucent ceiling
and 3-horizontal unit window with 4-
vertical unit window

Option 4.1.1:
Existing room with outside three
concave-upward light shelf with an

350 m

105m 050 m 050 m0.6S m

080 m

inside three concave-downward light
shelf and ceiling with 3m x 6m
translucent ceiling and 3-horizontal unit
window with 4-vertical unit window

Fig. 3. Examples of options to be tested in this study.

2.4. Independent variable

Following the literature review, fifty-five options including the
first option as an original classroom without installing a light shelf
as the base case and other combinations were created by three
independent variables as 1) type of curved light shelf, 2) ceiling
characteristics and 3) window characteristics.

2.4.1. Type of curved light shelf

The investigated curved light shelves included three types tested
in previous studies [24-26]. Type 1 was an outside two concave-
upward light shelf, type 2 was an outside two concave-upward
light shelf with an inside two concave-downward light shelf and
type 3 was an outside three concave-upward light shelf with an
inside three concave-downward light shelf. The curved light

350 m

shelves were set at 20° relative to the horizontal for both concave-
upward and concave-downward types [26]. The reason for
selecting the curved light shelves to study due to these kind of light
shelf showed the good performance in daylighting in building in
Thailand [24-26].

2.4.2. Ceiling characteristics

The six ceiling characteristics were derived from those tested in
previous studies [27,28]. The first type was a 3 m x 6 m translucent
ceiling, type 2 was a 2 m x 6 m translucent ceiling, type 3 was a 1
m X 6 m translucent ceiling, type 4 was a 3 m x 6 m translucent
ceiling with vertical elements installed every 35 cm, type 5 was a
4 m x 6 m translucent ceiling with vertical elements installed every
35 cm and type 6 was a 3 m x 7 m translucent ceiling with vertical
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elements installed every 35 cm. The reason for selecting these
ceiling characteristics to study due to the previous study showed
the good performance of using translucent ceiling and the study
would like to improve some characteristics of them to enhance
uniformity ratio [28].

2.4.3. Window characteristics

The three types of window characteristics included type 1, a 3-
horizontal unit and 4-vertical unit window, type 2, a 2-horizontal
unit and 6-vertical unit window and type 3, a 3-horizontal unit and
6-vertical unit window. The reason for selecting these window
characteristics to study due to the fact that this study would like to
make modifications from typical window in university classroom
to improve uniformity ratio [24].
The fifty-five testing options are listed in Table 2 and Fig. 3.

2.5. Dependent variables
2.5.1. Illuminance

Illuminance is the total luminous flux incident on a surface per unit
area [29]. In this study, illuminance was simulated using DIALux
3.14 and measured 0.75 m above the floor at the study desk surface
level. The classroom illuminance standard was 300 lux.

2.5.2. Uniformity ratio

Uniformity ratio is the proportion of the lowest to highest
illuminance levels in the area or space. In an education space, the
recommended uniformity ratio is 0.8, following the CIBSE
standard [40]. As discussed in section 2.1, the uniformity ratio
standard used in this study was 0.8 and measured 0.75 m above
the floor.

3. Results
3.1. Illuminance level and uniformity ratio at 8.00 am

Figures 4(a) and (b) presents the illuminance levels of the fifty-
five options including March 21% (equinox), June 21% (summer
solstice) and December 21% (winter solstice) at 8 am. All the
options had illuminance values higher than the classroom standard
(300 lux). During the summer solstice and equinox, the classroom
received more sunlight than during the winter solstice. For the
three days, the highest illuminance level was option 2.1.3 (5,567
lux for summer solstice, 3,094 lux for winter solstice and 5,924
lux for equinox), while the lowest was option 4.3.1 (2,445 lux for
summer solstice, 1,642 lux for winter solstice and 2,636 lux for
equinox).

Figures 5(a) and (b) indicates the uniformity ratio results of all
options on March 21% (equinox), June 21%* (summer solstice) and
December 21% (winter solstice) at 8:00 am. Results demonstrated
that the uniformity ratio in all options was lower than the
classroom uniformity ratio standard (0.8). During the three days,
the highest uniformity ratio was option 4.1.3 (0.120 for summer
solstice, 0.112 for winter solstice and 0.121 for equinox), while
the lowest was option 3.3.1 (0.079 for summer solstice, 0.052 for
winter solstice and 0.065 for equinox).

3.2. Illuminance level and uniformity ratio at 10.00 am

Figures 6(a) and (b) presents the illuminance levels of the fifty-
five options on March 21st (equinox), June 21st (summer solstice)

and December 21st (winter solstice) at 10:00 am. In the late
morning, the amount of sunlight entering the room dropped.
However, the illuminance of all options was still higher than the
standard level (300 lux), except for the combinations of option 4
(ranging from 600 lux to 1400 lux). During all three days, the
illuminance level of the classroom was highest compared to the
others for all options (4,192 lux for summer solstice, 3,584 lux for
winter solstice and 4,139 lux for equinox). The lowest was option
4.3.1 (605 lux for summer solstice, 785 lux for winter solstice and
722 lux for equinox).

Figures 7(a) and (b) indicates the uniformity ratio results of all
options on March 21st (equinox), June 21st (summer solstice) and
December 21st (winter solstice) at 10:00 am. The uniformity ratio
in all options was lower than the classroom uniformity ratio
standard (0.8), similar to those from 8.00 am. During the equinox,
summer solstice and winter solstice, the existing option uniformity
ratio outcomes showed the lowest values 0f 0.077, 0.066 and 0.074
respectively. Option 4.13 received the highest uniformity ratio
during all three days (0.375 for summer solstice, 0.254 for winter
solstice and 0.333 for equinox).

3.3. llluminance level and uniformity ratio at 12.00 pm

Figures 8(a) and (b) presents the illuminance levels of the fifty-
five options on March 21 (equinox), June 21% (summer solstice)
and December 21% (winter solstice) at 12.00 pm. The overall
illuminance results at noontime were not high (lower than 700 lux)
and different from the results at 8:00 am and 10:00 am. Only
options 4.2.1 and 4.3.1 were under 300 lux (classroom standard
level). The illuminance level of the existing option was higher than
the other options in all periods as 681 lux in summer solstice, 614
lux in winter solstice and 543 lux in equinox. Option 4.3.1 had the
lowest illuminance in all three periods as summer solstice (239
lux), winter solstice (252 lux) and equinox (229 lux) respectively.

Figures 9(a) (b) shows the uniformity ratio results of all options
on March 21 (equinox), June 21% (summer solstice) and
December 21% (winter solstice) at 12.00 pm. The classroom
equipped with the combination of light shelves gained uniformity
ratio twice more than the typical classroom that did not have the
combination of light shelves installed, except for the options that
combined ceiling types 2 and 3. The uniformity ratio of the
existing classroom was still the lowest in all periods as 0.203 for
equinox followed by winter solstice (0.172) and summer solstice
(0.170). Option 4.6.1 showed the highest uniformity ratio for
summer solstice (0.418) and equinox (0.423), while option 4.1.3
was highest for winter solstice at 0.416.

3.4. Illuminance level and uniformity ratio at 2.00 pm

Figures 10(a) and (b) shows the illuminance results of all options
on March 21% (equinox), June 21% (summer solstice) and
December 21% (winter solstice) at 2:00 pm. A low amount of
sunlight entered the room during the afternoon. All of the options
received illuminance levels less than 400 lux. In all periods, option
3.1.3 received the highest illuminance of 382 lux for summer
solstice, 390 lux for winter solstice and 377 lux for equinox.
Option 4.3.1 showed the lowest results with 168 lux for summer
solstice. 174 lux for winter solstice and 167 lux for equinox.
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Fig. 15. Average annual uniformity ratio for all options.
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Figures 11(a) and (b) displays the uniformity ratio results of all
options on March 21% (equinox), June 21% (summer solstice) and
December 21% (winter solstice) at 2.00 pm. Option 3.3.2 showed
the lowest uniformity ratio value compared to the other options
(0.143 for summer solstice; 0.138 for winter solstice and 0.143 for
equinox). The highest uniformity ratio was recorded by option
2.1.3 for summer solstice (0.354), option 4.1.3 for winter solstice
(0.357) and option 2.6.3 for equinox (0.342). Similar to the results
at 12.00 pm, the classroom equipped with a combination of light
shelves gained uniformity ratio twice more than the typical
classroom (base case), except for options that were combined with
ceiling types 2 and 3.

3.5. llluminance level and uniformity ratio at 4.00 pm

Figures 12(a) and (b) provides the illuminance results of all
options on March 21* (equinox), June 21 (summer solstice) and
December 215 (winter solstice) at 4:00 pm. All the options showed
very low illuminance levels that did not reach the illuminance
standard (300 lux). For all periods, option 3.1.3 showed the highest
illuminance as summer solstice (355 Iux), winter solstice (301 lux)
and equinox (342 lux). By contrast, option 4.4.2 showed the lowest
illuminance levels in all periods as summer solstice (191 lux),
winter solstice (162 lux) and equinox (184 lux). This was because
the window faced east and sunlight did not enter the classroom
during the afternoon.

Figures 13(a) and (b) indicates the uniformity ratio results of
all options on March 21* (equinox), June 21%* (summer solstice)
and December 21% (winter solstice) at 4:00 pm. Option 3.3.2
gained the lowest uniformity ratio as 0.132 for summer, 0.132 for
winter and equinox 0.133. However, the results of the other
options were not significantly different from this option. In
summer solstice, the highest uniformity ratio was 0.349 (option
4.4.3). In winter solstice, the highest uniformity ratio was option
2.4.3, with 0.386 for winter and 0.351 for equinox. Similar to the
results at 12.00 pm and 14.00 pm, the classroom equipped with a
combination of light shelves gained uniformity ratio twice more
than the typical classroom (base case), except for options that were
combined with ceiling types 2 and 3.

3.6. Average annual illuminance level and uniformity ratio

Figure 14 shows the average annual illuminance for all options
including the base case (option 1) in the east orientation.
[lluminances from all options were higher than the classroom
illuminance standard, 300 lux. For the base case, option 1 had the
highest illuminance of 1,927.05 lux. while option 4.3.1 had the
lowest illuminance of 721.55 lux. Therefore, to find the best
option, uniformity ratio results need to be considered.

Figure 15 illustrates the average annual uniformity ratio for each
option. Option 3.3.2 had the lowest uniformity ratio of 0.118,
while option 4.1.3 had the best uniformity ratio of 0.300. As
mentioned above, all options had illuminance results that passed
the illuminance office standard (300 lux). Uniformity ratio was
selected as a criterion for selecting the best option. Therefore,
option 4.1.3 was the best option in this study.

4. Discussion

In this section, the most important research findings are analyzed.
Then, the theoretical and practical implications, and limitations,
and future perspectives of the study are discussed.

4.1. Analysis of the research results

Results indicated that the average annual illuminances of all
options were higher than the classroom illuminance standard (300
lux). Therefore, the average annual uniformity ratio was used as
the main criterion to determine the best option. Option 4.1.3 (three
curved light shelves (outside concave-upward and inside concave-
downward) with a 3 m x 6 m translucent ceiling and a 4-horizontal
unit with 6-vertical unit window) was therefore selected as the best
option. In this study, three independent factors were used as a
combination of options in this study. An analysis of these three
independent factors is described below.

Installing inside elements as a curved light shelf has
significant effect on daylighting performance in classroom. Then
there is an inside curved light shelf, average annual illuminance
reduced significantly, while uniformity ratio increased as well.
The reason for this is that the inside element shaded the sunlight
dramatically while helping to reflect daylight deeper and make
light distribution uniformity in the classroom.

However, translucent ceiling seems to have a small effect on
illuminance, but its effect on uniformity seems to be significant.
When installing option 2 of ceiling characteristic (2 m x 6 m
translucent ceiling) and option 3 of ceiling characteristic (1 m x 6
m translucent ceiling), the annual average illuminance values and
illuminance for each time period were slightly lower than the other
options with a large translucent ceiling. Nevertheless, comparing
these option 2 and 3 with the other options, there was a large
difference in uniformity ratio. This is because a large amount of
daylight entered through the large area of translucent ceiling,
improving more uniform light distribution within the classroom.

Window characteristics did not greatly impact the annual
average illuminance and uniformity ratio values and the average
illuminance and uniformity ratio for each time period because
larger windows allowed daylight to enter. Higher illuminance
values were recorded near the windows but provided less uniform
lighting throughout the classroom space.

Due to the highest uniformity ratio, the best option found in
this study was Option 4.1.3 (three curved light shelves (outside
concave-upward and inside concave-downward) witha 3 mx 6 m
translucent ceiling and a 4-horizontal unit with 6-vertical unit
window). The reason of this is might due to the fact that outside
three concave-upward curved light shelves protect against direct
sunlight and redirect sunlight onto the ceiling, while three
concave-downward curved light shelves acted as secondary
elements to redirect sunlight again to deeper space. Moreover, a
large-area translucent ceiling delivered daylight from top evenly
without vertical elements to shade. Also, a larger area of window
(a 4-horizontal unit with 6-vertical unit window) contributed to a
large proportion of daylight entering.

4.2. Theoretical and practical implications

The result confirmed a positive effect of light shelf again. And, in
this study, three curved light shelves (outside concave-upward and
inside concave-downward worked well with a large translucent
ceiling and large-area of windows. The finding correlated with
many studies showing positive performance of light shelf [27,33].
Cruz Silva et al. [33]. suggested that horizontal light shelves can
shade sunlight, while maintain adequate illuminance and uniform
light distribution in university buildings of Brazil. Lim and Heng
[27] reported that a well-designed light shelf can reduce
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illuminance by 34.1-62% and improve light uniformity by up to
178.6%. Results in this study indicated that uniformity ratio in the
classroom installed with option 4.1.3 increased, when compared
to previous studies [10,12] as shown in Figs. 16 and 17.

Sok (2018) found that, for all options, average annual
illuminance results were low during the day and did not reach the
classroom illuminance standard level (300 lux). The uniformity
ratio was also very low (0.200). In a later study, Rado (2020)
showed that adjusting the angles of curved light shelves in the
classroom increased the illuminance levels above 300 lux, with
better uniformity ratio in all options. The best option from Rado’s
study was curved light shelves (20° lower and 20° upper) with
uniformity ratio up to 0.282 [12].

The best option in this study (option 4.1.3) had three curved
light shelves (20° outside curved-up and 20° inside curved-down)
with a 3 m x 6 m translucent ceiling and a 4-horizontal unit with
6-vertical unit window giving annual average uniformity ratio up
to 0.300. The reason for this situation could be the interaction

between installing inside curved light shelves, a large translucent
ceiling and a large size window (already described above).

The finding of this study confirmed that curved light shelves
should be used in Thailand and correlated with Sok (2018) [10],
Rado (2020) [12], Brzezicki (2021) [13] and Bora (2024) [14]
(Figs. 16 and 17).

The combination of a light shelf and a translucent ceiling
improved daylighting performance compared with no light shelf
and an opaque ceiling. The translucent ceiling diffused daylight
more evenly into the room space but the uniformity ratio did not
reach the standard (0.8). Thus, for practical use, this method
should be combined with designed artificial lighting to increase
the uniformity ratio. It is recommended that blue-enriched LED
white lighting was found to decrease morning drowsiness and
falling asleep [41] and increase cognitive processing speed and
concentration of student in university classroom [42]. Interior
view of classroom with the best option is shown in Fig. 18 below.
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Fig. 18. Interior view of classroom with the best option.

4.3. Limitations and suggestions for further study

Due to time limitations, suggestions for further study are as
follows:

Firstly, the results showed better options for daylighting in Thai
classrooms. Illuminance was much higher than the standard (300
lux) because of 1) light transmission by the glazing window and
2) the large size of the translucent ceiling. Wolska and Sawicki
(2020) found that illuminance near windows had high glare [43].
The glare effect from daylighting techniques was not investigated
and out of scope of this study. Therefore, future studies should
investigate the effect of decreasing in the glass transmission
window from 100% to 80%, 60%, 40% and 20 and how to mitigate
this glaring effect.

Secondly, due to time limitations, this study explored the effect
of daylighting from some variables under a clear sky. Further in-
depth studies in optimizing light shelves, ceilings and windows are
recommended, particularly in enhancing uniformity. Moreover,
future studies should investigate daylighting performance under
other sky conditions.

Lastly, due to the time constraints, the results from DIALux
program in this study have not calibrated to be those from real
environment results. Further studies could be carried out to bring
more comprehensive results.

5. Conclusions and suggestions for further study

The objective of this study was to investigate the effect of multiple
curved light shelves with a translucent ceiling and window
characteristics on daylighting performance in a classroom in
Bangkok, Thailand. Illuminance levels and daylight uniformity
ratio from fifty-five types of daylighting techniques on existing
classroom facing east were explored using DIALux 4.13 under
clear sky conditions.

The finding showed that Option 1 with no light shelf installed
recorded the highest illuminance with less uniformity ratio. After

the installation of a light shelf and translucent ceiling with some
modifications of window shape, the illuminance values of all the
options passed the standard of 300 lux. The uniformity ratio as
used as criteria for selecting the best option. Therefore, option
4.1.3 (outside concave-upward and inside concave-downward)
with a 3 m x 6 m translucent ceiling and a 4-horizontal unit with
6-vertical unit window was selected as the best option, providing
good illuminance and highest uniformity ratio.

The study showed that installing inside elements as a curved
light shelf has significant effect on daylighting performance in
classroom. However, translucent ceiling seems to have a large
effect on uniformity, but its effect on illuminance seemed to be
small. And, window characteristics also did not greatly affect both
illuminance and uniformity ratio. In general, the finding confirmed
a positive effect of light shelf and suggested that curved light
shelves should be used in Thailand together with appropriate
translucent ceiling and window.
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