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Abstract: This work investigates the light illumination intensity, light transmission performance,
light distribution on the floor, and daylight factor of vertical light hollow tubes at various incident
elevation angles of a light source. The light tubes were made from commercial aluminum alloy sheets
and commercial zinc alloy sheets to investigate internal illuminance for buildings and reducing the
demand of electrical energy from artificial lighting. The vertical light tubes with a constant length of
0.5 m and diameters of 0.20, 0.25, and 0.30 m were designed in a testing room model, with dimensions
of Im x 1m x 1 m. A 20-W light-emitting diode (LED) lamp was used as the light source for the
lighting simulations, which was placed away from the top of the light tube. The incident elevation
angle of the light source was changed between 0° and 80° with 5° increments. It was found that the
elevation angle of the incidence light had an influence on the light intensity distribution on both
ends of light tube. The average illuminance performance of both material types increased with an
increase of the incidence angle from 0° to 80° and an increase of the tube diameter from 0.20 m to
0.30 m. The commercial aluminum alloy tube promotes greater light transmission and daylight
factor when compared with the commercial zinc alloy tube in each condition. This illuminance
measurement demonstrates that the light tube could be included in the lighting systems of some
deeper or windowless areas of buildings to decrease the demand of energy consumption in the
lighting of buildings.

Keywords: daylight; light pipe; light transmission; daylight factor; illumination

1. Introduction

A high level of solar radiation is experienced throughout most of Thailand throughout
the year. The average daily value of solar radiation is around 18.2 MJ/m?-day with the
highest levels of solar radiation experienced in the months of April and May, between
20 and 24 MJ /m?-day [1-3]. These conditions cause significant thermal accumulation in
buildings. Therefore, energy consumption in buildings is due mainly to the air conditioning
system and lighting, which has been increasing due to the energy demands of modern
society to improve the comfort of the occupants. Approximately 30% of total energy
consumption in residential and commercial buildings is demand for artificial lighting.
Nowadays, buildings are designed and constructed to provide their occupants with a
better-quality environment and to improve energy conservation with optimal designs and
functional practices [4,5].

Daylight is one solution to save energy consumption in buildings because it is free
and a valuable light source for internal building areas throughout the day [6-8]. Effective
daylight utilization can result in energy savings. The use of natural daylight in buildings
also significantly improves the visual and physical comfort of the building. Individuals
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spend most of their time inside [9-13]. Windows permit daylight to illuminate interior
building spaces, but parts of the deeper internal building areas do not obtain daylight,
and heat transfers through windows as well [14]. Effects of insufficient daylight within
deeper building areas and thermal accumulation in buildings due to daylight illumination
mean that the artificial lighting system can be an option for illumination and contributes to
reducing approximately 30% of total building energy consumption [15].

Reducing the artificial lighting energy consumption during the daytime is an issue for
energy savings [13,16,17]. The design of architectural structures that can carry adequate
daylight into the internal building areas results in energy conservation for both illumination
and the air conditioning system [14,15,18-23]. Light pipes are an alternative way to provide
daylight into indoor spaces of buildings, which is useful for spaces with or without glazing
opening [24,25]. Light pipe systems may be straight or have bends. Commercial light pipes
can be defined as a hollow tube to allow the illumination into deeper parts of buildings
that do not receive sufficient daylight. Light pipes can be responsible for reducing the
electricity consumption of artificial lighting systems [5].

Many studies have investigated various components of light pipe systems to improve
the performance, such as integrating other functions such as ventilation. The integration
of a light pipe system into a natural stack ventilation and solar heating was investigated
by Shao and Riffat [26]. A horizontal light pipe with a trapezoidal shape was designed by
Canziani et al. who used an active reflector to track the solar rays and further improved
illumination into deeper areas by increasing the uniformity [27]. Light tubes with apertures
attached have also been used to transmit daylight [28]. Uniform lighting levels on different
levels of buildings can be provided by vertical light pipes, lighting multiple areas [29].
An illuminance proportion of 14% under cloudy sky and 7% for sunny conditions in
winter and cloudy conditions was investigated using the light pipes [30]. Mohelnikova
evaluated the efficiency of light pipes to be between 0.2 and 0.5, when different diameters
of light pipes were studied [31]. Apart from these, the term “daylight penetration factor”
(DPF) of light pipes was used to determine the performance of a daylight system, which
describes the relation of the internal illuminance due to a light pipe against the total
external illuminance [32-34]. A good lighting system requires 1-2% daylight factor (DF)
for activity in residence and 2—4% DF for activities in office buildings under International
Commission on Illumination (CIE) standard for overcast conditions [35]. The relationship
of the average inside illuminance and different diameters of light pipes was investigated by
Vasilakopoulou et al. [36]. The performance of light pipes was experimentally investigated
under subtropical climates in Instanbul [25], Hong-Kong [37], Korea [38], Beijing [39], and
Jordan [40] which demonstrated that good results and a uniform light distribution can be
provided to buildings using light pipes.

In Thailand, aluminum and zinc alloy sheet metal were generally used as roofing and
siding material of buildings because of its lightweight, superior corrosion resistance and
higher chemical durability than steel sheets [41-43]. Our previous presented work [44]
designed and constructed the light tubes with a fixed length of 0.5 m and the different
diameters of 0.20, 0.25, and 0.30 m, which were made from commercial aluminum and zinc
alloy sheets. That work demonstrated only the reflection performance of hollow light tubes
at each condition. To appropriately consider and utilize the illumination of the vertical light
hollow tubes for transmitting light into buildings, this current investigation was focused
on examining the improved illumination distribution at the top and bottom ends, light
transmission performance, the internal illuminance distribution on the floor plane, and the
daylight factor at various incident angles of the light source. Furthermore, the correlation to
these obtained experimental values of the vertical light hollow tubes in each material type
at different diameters and incident elevation angle was also investigated and compared.

2. Materials and Methods

The light tubes were produced with either a commercial aluminum alloy sheet or a
zinc alloy sheet. Both were designed as tubes with a length of 0.5 m and different diameters
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of 0.20 m, 0.25 m, and 0.30 m. Each light tube was installed on the top of a testing room
to allow light to transmit into the interior space. The six sides of the testing room were
built using wood. The model room’s walls each had an area of 1 m? and a volume of
1 m?, as shown in Figure 1a. A 20-W artificial LED lamp was used as the light source. The
illumination changes, as the elevation angle was varied between 0° and 80° with a step size
of 5°, are exhibited in Figure 1. The illumination at nine positions—at the top and bottom
ends—of each light tube was measured by using an illuminance lux meter (DIGICON
LX-70) which is also based on the International Commission on Illumination standard (CIE
standard) as shown in Figure 2. All values at the top and bottom side ends were calculated
to determine the average illuminance of vertical aluminum and zinc alloy tubes with the
diameters of 0.20 m, 0.25 m, and 0.30 m. The average luminous intensity at the top and
bottom side ends was evaluated to identify the improved light transmission efficiency. The
illuminance distribution in the model area was also tested and measured at 25 locations
using an illuminance lux meter according to the CIE standard, as exhibited in Figure 3. The
daylight factor was defined as the proportion of average internal illumination on the floor
plane and the related luminance at ambient areas on horizontal and unshaded areas.
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Figure 1. (a) View of the testing room. (b) Incident angle.
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Figure 2. Fixed location of the nine illuminance measurements at the top and bottom end positions
of light tube.
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Figure 3. Fixed positions of the 25 illumination measurements on the floor plane.

3. Results and Discussion

Figure 4 presents the internal illumination contours of the top positions of the alu-
minum alloy light tube, with a diameter of 0.25 m, at various incident light angles. A color
map on the two-dimensional horizontal plane demonstrates the illuminance distribution at
the top position of the hollow light pipe. The illumination of the top position was between
248 lux and 282 lux at the incident light angle of 0°, which was uniformly distributed.
While increasing the incident light angle from 0° to 30°, the illuminance distribution at the
top position was nearly uniform in value. When the incident light angle increased from
30° to 80°, the internal illuminance distribution became nonuniform in some positions, as
exhibited in Figure 4d—f. As the incident light angle increased from 0° to 80°, the internal il-
lumination distribution at the top end changed in each condition. The illuminance value at
each position on the top increased in value when the incident angle increased, as displayed
in Figure 4.

== 7500 lux

w6000 lux

w4500 lux

== 3000 lux

w1500 lux

= ( lux

(d) (e) (f)

Figure 4. Internal illumination contours of the aluminum alloy tube on the top end for the incident light angles of (a) 0°,
(b) 15°, (c) 30°, (d) 45°, (e) 60°, and (f) 75°.

Figure 5 illustrates illumination distribution of the top end of the zinc alloy hollow light
pipe with a diameter of 0.25 m with various angles of incidents. At the incident angle of 0°,
the illumination of the end was between 165 lux and 199 lux, which uniformly illuminated
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the area, as shown in the color map. Increasing the incident angle from 0° to 30° led to
nearly uniform illuminance for all angles. When the incident light angle increased from
30° to 80°, the illumination became nonuniformly distributed, as exhibited in Figure 5d—f.
When increasing the incident angle from 0° to 80°, the illumination distinctly increased.
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Figure 5. Illumination contours from zinc alloy light tube on the top end at the incident angles of (a) 0°, (b) 15°, (c) 30°,

(d) 45°, (e) 60°, and (f) 75°.

Figure 6 demonstrates the illumination levels on the bottom of both aluminum alloy
and zinc alloy hollow light pipes, with the same diameter of 0.25 m and tube length of
0.5 m at different incident angles. When using the aluminum alloy hollow light pipe, the
illumination was between 12 lux and 52 lux at the incident light angle of 0°, which was
uniformly distributed. The zinc alloy tube had illumination values between 2 lux and 34 lux
with a nonuniform illuminance distribution at the incident angle of 0°. When the incident
angle was increased from 0° to 30°, the illuminance distribution at the bottom of both types
was nearly uniform. When the incident light angle increased from 30° to 80°, the illuminance
distribution became nonuniformly distributed, as exhibited in Figure 6d—f. The illumination
distribution for both aluminum alloy and zinc alloy tubes at the bottom varied when the
incident light angle was changed from 0° to 80°. The illuminance at the bottom increased
with the increase of the incident angle from 0° to 80°, as illustrated in Figure 6.

The nine measurements of illumination at the top and bottom were used to calculate the
average illuminance for both aluminum alloy and zinc alloy hollow light pipes with a length
of 0.5 m and different diameters of 0.20 m, 0.25 m, and 0.30 m. When using the aluminum
alloy hollow light pipe with diameters of 0.20 m, 0.25 m, and 0.30 m, the average illuminance
at different incident angles is shown in Figure 7. When the incident angle was varied, a
change of luminous intensity at the top and bottom of the tube was achieved. At the top
position of the tube with the diameter of 0.20 m, the average luminous intensity increased
from 243 lux to 3022 lux; at the bottom end of the tube with a diameter of 0.20 m, the average
luminous intensity increased from 22 lux to 1702 lux, when the incident light angle to the
tube increased from 0° and 80°, as displayed in Figure 7a. For the diameters of 0.25 m and
0.30 m, the trend of the average illuminance at the top and bottom positions was similar
to that of the tube with a 0.20 m diameter, as exhibited in Figure 7b,c. For the tube with a
diameter of 0.25 m, the average luminous intensity increased from 261 lux to 3142 lux at the
top end and from 31 lux to 2304 lux at the bottom end position of the tube with an increase in
the incident light angle to the light tube between 0° and 80°, as illustrated in Figure 7b. For
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the diameter of 0.30 m, the average luminous intensity increased from 220 lux to 3549 lux at
the top end and from 40 lux to 2591 lux at the bottom end when there was an increase of the
incident angle to the light tube from 0° to 80°, as illustrated in Figure 7c.
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Figure 6. Illumination contours of aluminum alloy and zinc alloy hollow light pipe on the bottom end positions at the
incident light angles of (a) 0°, (b) 15°, (c) 30°, (d) 45°, (e) 60°, and (f) 75°.
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Figure 7. Average illuminance at the top and bottom end positions of aluminum alloy tube with a diameter of (a) 0.20 m, (b) 0.25 m,
and (c) 0.30 m.
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The illuminance of zinc alloy tubes with different diameters of 0.20 m, 0.25 m, and
0.30 m, and height of 0.5 m, at various incident angles are shown in Figure 8. A variation
in the incident light angle to the tube led to the changes in luminous intensity at the top
and bottom of the zinc alloy tube. The trend of the illuminance of zinc alloy tubes with the
diameters of 0.20 m, 0.25 m, and 0.30 m the at the top and bottom was similar to that of the
aluminum alloy tube, as illustrated in Figure 8. At the top end of zinc alloy light tubes, the
illuminance intensity increased from 200 lux to 2889 lux for 0.20 m, from 180 lux to 3052 lux
for 0.25 m, and from 190 lux to 3469 lux for the 0.30 m diameter pipes, respectively, with
an increase in the incident light angle to the light tube between 0° and 80°. At the bottom
of the zinc alloy light tubes, the illuminance intensity increased from 12 lux to 1502 lux
for 0.20 m, from 16 lux to 2133 lux for 0.25 m, and from 17 lux to 2448 lux for 0.30 m,
respectively, when there was an increase of the incident light angle to the light tube from 0°
to 80°. It was observed that the luminous intensity increased at the top and bottom of both
aluminum alloy and zinc alloy vertical light tube with an increase of the incident angle to
the light source. When considering the low incident angles into the light tube, a major part
of the light beam was reflected and little was directly transmitted through the vertical tube,
which could lead to the lower illuminance intensity at the top and bottom end positions at
the low incident angles of the light source. While the higher incident angles of light source
into the light tube was examined, an increase of the illuminance intensity at the top and
bottom of the light tubes was achieved, which was a result of more direct light penetration
and less incidental light reflection.
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Figure 8. Cont.
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Figure 8. Average illuminance at the top and bottom tube position of zinc alloy tube with diameters of (a) 0.20 m, (b) 0.25 m,

and (c) 0.30 m.

When considering the different types of tube materials, it was observed that the
average luminous intensity at the bottom end of the aluminum alloy tubes having a
diameter 0.20 m was higher than that of the zinc alloy tube for each incident light angle, as
demonstrated in Figure 9a. For the diameters of 0.25 m and 0.30 m, the average illuminance
of the aluminum alloy tube and zinc alloy tube was similar to that of the light tube with a
diameter of 0.20 m, as shown in Figure 9b,c. This indicates that the internal surface of the
aluminum alloy tube light showed better reflection, leading to an improvement in the light
transmission performance within the tube.
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Figure 9. Average illuminance at the bottom end positions of aluminum alloy tube and zinc alloy tube with the diameters

of (a) 0.20 m, (b) 0.25 m, and (c) 0.30 m.
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All of the luminous intensity values at the top and bottom ends of both aluminum
alloy and zinc alloy tubes were considered to calculate the light transmission performance
of the tubes, as exhibited in Figure 10. Light transmission of the vertical aluminum alloy
tube with a diameter of 0.20 m increased from 9.1% to 56.3% when the incident light
angle to the tube increased from 0° to 80°, as shown in Figure 10a. When considering the
diameters of 0.25 m and 0.30 m, the light transmission performance was similar to those of
the 0.20 m diameter tube, as illustrated in Figure 10a. Light transmission performance of
the aluminum alloy tubes with a diameter of 0.25 m increased between 11.8% and 73.3%,
and that of the 0.30 m tube increased from 18.3% to 73.1% when the incident light angle
increased from 0° to 80°.

80

E 0.20m m 0.25m = 0.30 m
70

60
50

40
30
20
10

0

Light transmission efficiency (%)

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

Incident angle (degree)
(@)

H 0.20m m 0.25m 2030 m

80
70

60
50
40
30
20

10

Light transmission efficiency (%)

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

Incident angle (degree)
(b)

Figure 10. Light transmission performance of (a) aluminum alloy tube and (b) zinc alloy tube.

When using the zinc alloy tube with a diameter 0.20 m and a height of 0.50 m, light
transmission increased from 4.7% to 52.5% when the incident light angle increased from 0°
to 80°. For the diameters of 0.25 m and 0.30 m, the light transmission performance was
similar to those of the 0.20 m diameter tube, as illustrated in Figure 10b. Light transmission
performance of the zinc alloy tube with a diameter of 0.25 m increased between 8.7%
and 69.9%, and that of 0.30 m tube increased between 9.1% and 70.6% with an increase
of the incident light angle from 0° to 80°. This increase of light transmission perfor-
mance is achieved from an increase of the incident light angle, demonstrating the reduced
number of reflections within the light tube surfaces, which leads to minimal losses of
luminous intensity.
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Additionally, when using the aluminum alloy tube with a height of 0.5 m and diam-
eters of 0.20 m, 0.25 m, and 0.30 m, the light transmission increased from 9.1% to 18.3%
with an increase of the tube diameter from 0.20 m to 0.30 m at the incident light angle of 0°.
The light transmission performance at the incident light angles of 5°, 10°, 15°, 20°, 25°, 30°,
35°, 40°, 45°,50°, 55°, 60°, 65°, 70°, and 80° were similar to those of the incident angle of
0°, as illustrated in Figure 10a. For the case of the zinc alloy tube, the light transmission
performance also increased from 4.7% to 9.1% when the tube diameter increased from 0.20
m to 0.30 m at the incident angle of 0°. At the incident light angles of 5°, 10°, 15°, 20°,
25°,30°, 35°, 40°, 45°, 50°, 55°, 60°, 65°, 70°, and 80°, the light transmission performance
also increased from 7.3% to 14.2%, 6.7% to 16.8%, 7.1% to 17.7%, 8.8% to 23.1%, 18.0% to
21.5%, 18.2% to 24.7%, 20.0% to 29.2%, 21.7% to 31.8%, 24.2% to 37.4%, 31.5% to 40.6%,
36.5% to 45.6%, 36.8% to 50.7%, 44.2% to 57.2%, 48.3% to 65.1%, 51.1% to 69.9%, and 52.5%
to 70.6%, respectively, as exhibited in Figure 10b. This demonstrates that higher diameters
of aluminum alloy and zinc alloy light tubes lead to an increase in light transmission
performance, relating to less losses of luminous intensity that occur from the decrease in
the number of reflections in the inner tube surfaces.

With comparing the aluminum alloy tube and zinc alloy tube of the same diameter,
average light transmission performance of the aluminum alloy tube was higher than
that of zinc alloy tube in each incident light angle and diameter of light tube, as shown in
Figure 11. It was observed that the average light transmission performance of the aluminum
alloy tube can transmit the luminous intensity more than 4% when compared with that
of zinc alloy tube in all conditions. This demonstrates that the aluminum alloy tube
shows more reflectivity than zinc alloy tubes. This indicates that this technology could be
considered as an alternative daylight system in deeper rooms or could substitute artificial
lighting in windowless spaces, leading to greater energy conservation in buildings.
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Figure 11. Light transmission performance of light tubes with different materials with diameters of (a) 0.20 m, (b) 0.25 m,

and (c) 0.30 m.
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The illumination distribution on the floor of the model room from the aluminum
alloy and zinc alloy light tubes, with a diameter of 0.25 m and a tube height of 0.5 m,
are presented in a 2-D color map as exhibited in Figures 12 and 13. The illuminance
distribution from the aluminum alloy was between 12 lux and 31 lux, and the zinc al-
loy light tube was between 12 lux and 19 lux, at the incident light angle of 0°. When
the incident angle increased from 0° to 45°, the illuminance distribution on the floor
from both types was uniformly distributed at the same value throughout. When the in-
cident light angle increased from 45° to 80°, the internal illuminance distribution was
nonuniformly distributed, as shown in Figures 12d—f and 13d—f. When the incident angle
increased from 0° to 80°, a higher illuminance in each position was achieved, as shown in
Figures 12 and 13.

The 25 positions of illumination measurements on the floor were averaged for both
aluminum and zinc alloy light tube with a length of 0.5 m and different diameters (0.20 m,
0.25 m, and 0.30 m) as exhibited in Figures 14 and 15. When considering the aluminum
alloy tube, with a diameter of 0.20 m, the average illuminance on the floor increased from
11 lux to 236 lux when the incident angle increased from 0° to 80°. For the cases of the
diameters of 0.25 m and 0.30 m, the average illuminance values on the floor were similar to
those of the 0.20 m diameter tube, as illustrated in Figure 14a. The average illuminance on
the floor with the aluminum alloy tube with a diameter of 0.25 m increased between 16 lux
and 311 lux, and that of 0.30 m increased between 9 lux and 418 lux when there was an
increase in the incident light angle from 0° to 80°.

l === 7500 lux

19

6000 lux
9
w4500 lux
27
(©

Figure 12. [lluminance distribution on the floor from the aluminum alloy light tube at the incident angles of (a) 0°, (b) 15°,
(c) 30°, (d) 45°, (e) 60°, and (f) 75°.
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Figure 13. Illuminance distribution on the floor from the zinc alloy light tube at the incident angles of (a) 0°, (b) 15°, (c) 30°,
(d) 45°, (e) 60°, and (f) 75°.
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Figure 14. Average internal illuminance contours on the floor for the (a) aluminum alloy and (b) zinc alloy light tubes.
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Figure 15. Average internal illuminance of light tube with different materials and diameters (a) 0.20 m, (b) 0.25 m, and

(c) 0.30 m.

When considering the zinc alloy tube with a diameter of 0.20 m, the average illumi-
nance on the floor increased from 9 lux to 20 lux when the incident light angle increased
from 0° to 80°. For the cases of the diameters of 0.25 m and 0.30 m, the average illuminance
values on the floor were similar to those of the 0.20 m diameter tube, as illustrated in
Figure 14b. The average illuminance on the floor with the zinc alloy tube with a diameter of
0.25 m increased between 16 lux and 302 lux, and that of the 0.30 m diameter tube increased
between 6 lux and 400 lux when there was an increase in the incident angle from 0° to 80°.

Comparing the diameter of both aluminum alloy tubes and zinc alloy tubes, the
average illuminance on the floor was between 9 lux to 28 lux when the tube diameter
increased from 0.20 m to 0.30 m at the incident light angles of 0°, 5°, 10°, 15°, 20°, 25°,
and 30°. For the incident light angles of 35°, 40°, 45°, 50°, 55°, 60°, 65°, 70°, and 80°, the
average illuminance on the floor of both aluminum alloy tube and zinc alloy tube increased
with an increase in diameter from 0.20 m to 0.30 m, as illustrated in Figure 14.

Comparing the aluminum and zinc alloy tubes at the same diameter of 0.20 m, the
average illuminance on the floor from the aluminum alloy tube was higher than that of
zinc alloy tube at all incident light angles, as shown in Figure 15a. The aluminum alloy
tube was more than 7% brighter when compared with zinc alloy tubes at incident light
angles between 0° and 80°. For the diameters of 0.25 m and 0.30 m, an increase of the
average illuminance on the floor from the aluminum alloy tube was more than 3% when
compared with that of zinc alloy tube at all incident light angles, as shown in Figure 15b,c.
This indicates that the aluminum alloy tube has more illuminance efficiency than zinc alloy
tubes at each diameter size and incident light angle.

The daylight factor is defined as the average internal illumination on the floor plane
and illuminance on the external testing model in an unshaded area. The exterior illumi-
nance was measured to be between 890 lux and 1140 lux and obtained an average luminous



Energies 2021, 14, 260 14 of 17

intensity of 950 lux. The daylight factor for both aluminum alloy and zinc alloy light tubes
in all patterns is demonstrated in Figure 16. When considering the aluminum alloy tube
with a diameter of 0.20 m, the average daylight factor increased from 1.2% to 22.7% when
the incident light angle increased from 0° to 80°. For the cases of the diameters of 0.25 m
and 0.30 m, the average daylight factor was similar to those of the diameter of 0.20 m
as displayed in Figure 16a. The average daylight factor from the aluminum alloy tube
with a diameter of 0.25 m increased between 1.6% and 32.7%, and that of 0.30 m increased
between 0.9% and 43.9% when there was an increase of incident light angle from 0° to 80°.

50 50 -
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Figure 16. Daylight factor of the vertical light tube using (a) aluminum alloy and (b) zinc alloy.

Considering the case of the zinc alloy tube with a diameter 0.20 m, the average daylight
factor increased from 0.9% to 23.2% with an increase in the incident light angle from 0° to
80°. For the cases of the diameters of 0.25 m and 0.30 m, the trend of average daylight factor
was similar to those of the diameter of 0.20 m, as exhibited in Figure 16b. The average
daylight factor from zinc alloy tube with a diameter of 0.25 m increased between 1.7% and
34.5%, and that of 0.30 m increased between 0.7% and 42.2% when there was an increase of
incident light angle from 0° to 80°. When comparing the incident light angle to the tube
of both aluminum alloy tube and zinc alloy tube, the average maximum daylight factor
was found at the incident light angle of 80° from both aluminum alloy tubes and zinc
alloy tubes.

Comparing the diameter variation of both aluminum alloy tubes and zinc alloy tubes,
the daylight factor was similar and between 0.7% and 2.9% when the tube diameter
increased from 0.20 m to 0.30 m at the incident light angles of 0°, 5°, 10°, 15°, 20°, 25°, and
30°. For the incident light angles to the tube of 35°, 40°, 45°, 50°, 55°, 60°, 65°, 70°, and
80°, the daylight factor of both aluminum alloy tube and zinc alloy tube increased with an
increase in diameter from 0.20 m to 0.30 m, as illustrated in Figure 16. This observation
demonstrated that the aluminum alloy tubes can provide a better daylight factor compared
with zinc alloy tubes for each condition.

This daylight factor obtained from the aluminum alloy tubes and zinc alloy tubes
in this work corresponded to those of previous works [29,31], which demonstrated the
daylight contribution in areas with 1-2% of daylight factor for activities in residence and
2-4% of daylight factor for activities in office buildings [29,31]. For the case of window, the
occupants visualize the outdoor environment and use natural ventilation, while the shading
from adjacent obstacles and barriers appeared in many cases and insufficient daylight
within deeper building areas was achieved. Skylights can provide high light intensity,
natural ventilation, and uniform daylighting, but immoderate solar gains and overheating
in the internal spaces of rooms was obtained. The distant areas in buildings achieved
insufficient light transmission. Hollow light tubes in this work can transport daylight into
some deeper or windowless areas of buildings and uniformly distribute light. Importantly,
the investment price of this system was cheap for inventing the aluminum alloy tubes and
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zinc alloy tubes. Although an investigation of thermal behavior and inside illuminance
of the models under natural weather conditions, and an analysis of the reduction of
energy consumption using systems on a full scale could be led to more sound scientific
knowledge for integrating the vertical light tubes into buildings; a more widespread context
will be studied and analyzed under natural weather conditions in the future work. In
view of the benefits, the invented light tubes can use commercial aluminum alloy sheets
and commercial zinc alloy sheets to provide illumination for activities in residences and
offices for some incident light angles for each diameter of light tube, which leads to
an alternative inexpensive material for producing a lighting system. This investigation
could be considered as an alternative daylight system in deeper parts of buildings or the
windowless spaces to conserve the energy consumption for lighting buildings.

4. Conclusions

This investigation evaluated the light transmission performance of aluminum alloy
and zinc alloy hollow light tubes as a function of both incident angle and the diameter
of the light tubes. The luminous intensity at the bottom of the aluminum alloy and zinc
alloy light tubes with a diameter of 0.25 m increased from 31 lux to 2304 lux and 16 lux to
2133 lux, respectively, when the incident angle of light was increased from 0° to 80°. This
is a result of the proportion of reflected light and direct light being transmitted through the
vertical tube. The light transmission performance of both light tube types increased when
the incident light angle increased from 0° to 80° in each diameter and the diameter of tube
increased from 0.20 m to 0.30 m for each incident angle. The type of light tube material
has an effect on the reflective performance of the light tube. The aluminum alloy pipe can
improve the light transmission performance by approximately 4% and achieved a better
daylight factor when compared with the zinc alloy tube for each condition. This work
could be the initial investigation to contribute to enhancing daylight in some deeper areas
of buildings or replacing artificial lighting in windowless areas. Light tubes can conserve
energy consumption for lighting in buildings.

Author Contributions: Conceptualization, A.T.; methodology, A.T. and ].M.; formal analysis, A.T.
and J.M.; investigation, A.T. and ].M.; resources, A.T.; data curation, A.T.; writing—original draft
preparation, A.T. and ].M.; writing—review and editing, A.T.; visualization, A.T.; supervision, A.T.;
project administration, A.T.; funding acquisition, A.T. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Faculty of Science, Naresuan University, grant number
P2564C010.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: The authors would like to thank the Thailand Science Research and Innovation
(TSRI), Faculty of Science, Naresuan University for providing financial support to this research work,
and our research center. Thanks are given to Kyle V. Lopin for editing this document.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Khedari, J.; Sangprajak, A.; Hirunlabh, J. Investigation of thermal performance by applying a solar chimney with PCM towards
the natural ventilation of model house under Climate of Thailand. J. Renew. Energy 2001, 25, 267-280. [CrossRef]

2. Thongtha, A.; Khongthon, A.; Boonsri, T.; Chan, H.Y. Thermal effectiveness enhancement of autoclaved aerated concrete wall
with PCM-contained conical holes to reduce the cooling load. Materials 2019, 12, 2170. [CrossRef]

3. Kunchornrat, A.; Namprakai, P.; Du, P.T. The impacts of climate zones on the energy performance of existing Thai buildings.
Resour. Conser. Recycl. 2019, 53, 545-551. [CrossRef]

4. Yan, T; Sun, ZW.; Gao, J.J.; Xu, X.H.; Yu, ].H.; Gang, W.J. Simulation study of a pipe-encapsulated PCM wall system with
self-activated heat removal by nocturnal sky radiation. Renew. Energy 2020, 146, 1451-1464. [CrossRef]

5. Kim, ].T,; Kim, G. Overview and new developments in optical daylighting systems for building a healthy indoor environment.
Build. Environ. 2010, 45, 256-269. [CrossRef]


http://doi.org/10.1016/S0960-1481(01)00005-2
http://doi.org/10.3390/ma12132170
http://doi.org/10.1016/j.resconrec.2009.02.007
http://doi.org/10.1016/j.renene.2019.07.060
http://doi.org/10.1016/j.buildenv.2009.08.024

Energies 2021, 14, 260 16 of 17

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.
28.

29.

30.

31.
32.

33.
34.
35.
36.
37.

38.

Kim, L.T.; Kim, Y.S.; Cho, M.; Nam, H.; Choi, A.; Hwang, T. High-performance accuracy of daylight-responsive dimming systems
with illuminance by distant luminaires for energy-saving buildings. Energies 2019, 12, 731. [CrossRef]

Kim, C.H.; Kim, K.S. Development of sky luminance and daylight illuminance prediction methods for lighting energy saving in
office buildings. Energies 2019, 12, 592. [CrossRef]

Freewan, A.A.Y. Impact of external shading devices on thermal and daylighting performance of offices in hot climate regions. Sol.
Energy 2014, 102, 14-30.

Berardi, U.; Wang, W. Daylighting in an atrium-type high performance house. Build. Environ. 2014, 76, 92-104. [CrossRef]
Azad, A.S.; Rakshit, D.; Patil, K.N. Model development and evaluation of global and diffuse luminous efficacy for humid
sub-tropical region. Renew. Energy 2018, 119, 375-387. [CrossRef]

Rezaei, S.D.; Shannigrahi, S.; Ramakrishna, S. A review of conventional, advanced, and smart glazing technologies and materials
for improving indoor environment. Sol. Energy Mater. Sol. Cells 2017, 159, 26-51. [CrossRef]

Sharma, P.; Rakshit, D. Financial viability of energy conservation using natural light in an academic building in temperate zone. J.
Sol. Energy Eng. 2016, 138, 1-10. [CrossRef]

Valles, X.; Alonso, M.H.; Lopez-Caleya, ].E.; Diez-Obrero, V.; Dierssen-Sotos, T.; Lope, V.; Molina-Barcelo, A.; Chirlaque, M.D.;
Jimenez-Moleon, J.J.; Tardon, G.F; et al. Colorectal cancer, sun exposure and dietary vitamin D and calcium intake in the
MCC-Spain study. Environ. Int. 2018, 121, 428-434. [CrossRef] [PubMed]

Thongtha, A.; Boontham, P. Experimental investigation of natural lighting systems using cylindrical glass for energy saving in
buildings. Energies 2020, 13, 2528. [CrossRef]

Pandharipande, A.; Caicedo, D. Daylight integrated illumination control of LED systems based on enhanced presence sensing.
Energy Build. 2011, 43, 944-950. [CrossRef]

Li, D.H.W.; Lam, J.C. Evaluation of lighting performance in office buildings with daylighting controls. Energy Build. 2001, 33, 793-803.
Li, D.H.W,; Lam, T.N.T.,; Wong, S.L. Lighting and energy performance for an office using high frequency dimming controls.
Energy Convers. Manag. 2006, 47, 1133-1145.

Vasilakopoulou, K.; Kolokotsa, D.; Santamouris, M.; Kousis, I.; Asproulias, H.; Giannarakis, I. Analysis of the experimental
performance of light pipes. Energy Build. 2017, 151, 242-249. [CrossRef]

Ghosh, A.; Mallick, T.K. Evaluation of colour properties due to switching behaviour of a PDLC glazing for adaptive building
integration. Renew. Energy 2018, 120, 126-133.

Chirarattananon, S.; Chaiwiwatworakul, P.; Pattanasethanon, S. Daylight availability and models for global and diffuse horizontal
illuminance and irradiance for Bangkok. Renew. Energy 2002, 26, 69-89. [CrossRef]

Krarti, M.; Erickson, PM.; Hillman, T.C. A simplified method to estimate energy savings of artificial lighting use from daylighting.
Build. Environ. 2005, 40, 747-754. [CrossRef]

Li, D.HW,, Lam, TN.T.; Wong, S.L.; Tsang, E.K.W. Lighting and cooling energy consumption in an open plan office using solar
film coating. Energy 2008, 33, 1288-1297. [CrossRef]

Park, K.W.; Athienitis, A.K. Work plane illuminance prediction method for daylighting control systems. Sol. Energy 2003, 75,
277-284. [CrossRef]

Lopin, M.K. An overview of daylighting systems. Sol. Energy 2002, 73, 77-82. [CrossRef]

Ekren, N.; Gorguluy, S. An investigation into the usability of straight light-pipes in Istanbul. Energy Educ. Sci. Tech. Part A Energy
Sci. Res. 2012, 30, 637-644.

Shao, L.; Riffat, S.B. Daylighting using light pipes and its integration with solar heating and natural ventilation. Int. J. Lighting
Res. Technol. 2000, 32, 133-139. [CrossRef]

Canziani, R; Peron, F; Rossi, G. Daylight and energy performances of a new type of light pipe. Energy Build. 2004, 36, 1163-1176. [CrossRef]
Kennedy, D.M.; O'Rourke, F. Experimental analysis of a scaled, multi-aperture, light-pipe, daylighting system. Sol. Energy 2015,
122,181-190. [CrossRef]

Hansen, V.G.; Edmonds, I. Methods for the illumination of multilevel buildings with vertical light pipes. Sol. Energy 2015, 117,
74-88. [CrossRef]

Shao, L.; Riffat, S.; Icks, W.H. A study of performance of light pipes under cloudy and sunny conditions in the UK. Right Light
1997, 1, 155-159.

Mohelnikova, J. Daylighting and energy savings with tubular light guides. WSEAS Trans. Environ. Dev. 2008, 4, 200-209.
Alrubaih, M.S.; Zain, M.EM.; Alghoul, M.A.; Ibrahim, N.L.N.; Shameri, M.A.; Elayeb, O. Research and development on aspects of
daylighting fundamentals. Renew. Sustain. Energy Rev. 2013, 21, 494-505. [CrossRef]

Smith, B.J.; Phillips, G.M.; Sweeney, M. Daylighting. In Environmental Science; Routledge: London, UK, 2014; Chapter 9.

Zhang, X.; Muneer, T. Mathematical model for the performance of light pipes. Light. Res. Technol. 2000, 32, 141-146. [CrossRef]
Reinhart, C.F.; Mardaljevic, J.; Rogers, Z. Dynamic daylight performance metrics for sustainable building design. Leukos 2006, 3,
7-31. [CrossRef]

Vasilakopoulou, K.; Synnefa, A.; Kolokotsa, D.; Karlessi, T.; Santamouris, M. Performance prediction and design optimisation of
an integrated light pipe and artificial lighting system. Int. J. Sustain. Energy 2014, 35, 675-685. [CrossRef]

Li, D.HW,; Tsang, E.K.W.; Cheung, K.L.; Tam, C.O. An analysis of light-pipe system via full-scale measurements. Appl. Energy
2010, 87, 799-805. [CrossRef]

Yun, G.Y,; Shin, H.Y,; Kim, ].T. Monitoring and evaluation of a light-pipe system used in Korea. Indoor Built Environ. 2010, 9, 129-136.


http://doi.org/10.3390/en12040731
http://doi.org/10.3390/en12040592
http://doi.org/10.1016/j.buildenv.2014.02.008
http://doi.org/10.1016/j.renene.2017.12.004
http://doi.org/10.1016/j.solmat.2016.08.026
http://doi.org/10.1115/1.4034926
http://doi.org/10.1016/j.envint.2018.09.030
http://www.ncbi.nlm.nih.gov/pubmed/30266013
http://doi.org/10.3390/en13102528
http://doi.org/10.1016/j.enbuild.2010.12.018
http://doi.org/10.1016/j.enbuild.2017.06.061
http://doi.org/10.1016/S0960-1481(01)00099-4
http://doi.org/10.1016/j.buildenv.2004.08.007
http://doi.org/10.1016/j.energy.2008.03.002
http://doi.org/10.1016/j.solener.2003.08.013
http://doi.org/10.1016/S0038-092X(02)00036-1
http://doi.org/10.1177/096032710003200305
http://doi.org/10.1016/j.enbuild.2004.05.001
http://doi.org/10.1016/j.solener.2015.08.013
http://doi.org/10.1016/j.solener.2015.04.017
http://doi.org/10.1016/j.rser.2012.12.057
http://doi.org/10.1177/096032710003200306
http://doi.org/10.1582/LEUKOS.2006.03.01.001
http://doi.org/10.1080/14786451.2014.932281
http://doi.org/10.1016/j.apenergy.2009.09.008

Energies 2021, 14, 260 17 of 17

39.

40.

41.

42.

43.

44.

Yanpeng, W.; Rendong, J.; Deying, L.; Wenming, Z.; Chongfang, M. Experimental Investigation of Top Lighting and Side Lighting
Solar Light Pipes under Sunny Conditions in Winter in Beijing. In Proceedings of the SPIE—The International Society for Optical
Engineering, Beijing, China, 2 February 2009.

Mushtaha, E.; Kana’an, B.A.; Al-Jawazneh, R.A.; Hammad, R.S. Effect of using different light pipe parameters on the daylight
quality in buildings: The case of Jordan. Int. |. Green Energy 2016, 3, 1590-1598. [CrossRef]

Gago, E.J.; Muneer, T.; Knez, M.; Koster, H. Natural light controls and guides in buildings. Energy saving for electrical lighting,
reduction of cooling load. Renew. Sustain. Energy Rev. 2015, 41, 1-13. [CrossRef]

Pleshkov, S.; Brakale, G.; Vedishcheva, I. A Project aimed to increase energy efficiency of the object swimming pool universitetsky
by application of hollow mirrored tubular light guides under trade mark. Mater. Sci. Eng. 2018, 463, 042050. [CrossRef]

Ahsan, M.d.; Ahsan, R.U.; Kim, Y.R.; Ashiri, R.; Cho, Y.J.; Jeong, C.; Park, Y.D. Cold metal transfer (CMT) MAW of zinc coated
steel. Weld. J. 2016, 95, 120-132.

Mahawan, ].; Thongtha, A.; Promphak, K.; Chansomsak, S. Application of solar tube integrating with roof for energy consumption
reduction in building. In Proceedings of the International Conference on Sustainable Energy and Green Technology 2019 (SEGT
2019), Bangkok, Thailand, 11-14 December 2019; The Joint Graduate School of Energy and Environment—Center of Excellence
on Energy Technology and Environment (JGSEE-CEE), Centre for Energy Sciences (University of Malaya, Malaysia), and Centre
for Vehicular Technology (UTAR, Malaysia): Bangkok, Thailand, 2019.


http://doi.org/10.1080/15435075.2016.1212354
http://doi.org/10.1016/j.rser.2014.08.002
http://doi.org/10.1088/1757-899X/463/4/042050

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

