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Abstract

:

This research focuses on the use of natural lighting integrated into buildings. Cylindrical glass was fitted into the top of our test model, which was 1 m × 1 m × 1 m, which enhanced the light inside it. The glass fitted comprised a single layer (G), two layers (2G), or two layers of glass filled with distilled water (2GW). Each combination of glass increased the number of glass cylinders from two to six. The nine formats were tested indoors using a light intensity of 1000 W/m2 and the temperature was controlled at 25 °C. The lowest temperature averaged 34.4 °C, which was recorded using only two glass cylinders that had two layers of glass filled with distilled water. The average internal illumination was 549 lux, which agreed with the CIE standard. Then, the two layers of glass filled with water were examined under natural conditions. It was found that the highest average inside temperature was 40.4 °C at 1:30 p.m. The average illuminant values for three days were in the range of 300–500–750 lux, which concurred with the CIE standard. Additionally, the use of the 2S-2GW resulted in the conservation of electrical energy consumed by the cooling load and the illumination of the building between 9:00 a.m. and 3:00 p.m.
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1. Introduction


Building energy consumption figures have risen from 26% in 1980 to 54% in 2010 and are predicted to rise to 84% in 2050. They will continuously increase day by day because of the rise in population, the growth of modern society, and quality of life improvements [1,2]. Lighting in offices contributes to approximately 30% of the total energy consumption in buildings [3,4,5,6]. In recent years, buildings have been appropriately developed, constructed, and maintained so as to supply their inhabitants with a better environment quality and electrical energy conservation through optimal design and functional practices [6,7].



Natural daylight is a very important source of illumination in buildings because it is free and helps reduce energy consumption [8,9,10]. Sufficient and effective daylight utilization results in energy saving. The use of natural daylight in buildings will also be significant for the visual and physical comfort and health of the people working within them [6,11,12,13,14]. The advance of daylight investigation contributes to energy conservation, improves human welfare, enhances physiological capacities, and avoids disease. One of the consequences of the adjustment of the human eyes to light over time is visual ability, and subsequently, the significant function of the psychophysical levels of daylight for numerous activities is affected. Undoubtedly, daylight conditions can impact the inhabitants of buildings both mentally and physically. Many studies have proven that the hormone melatonin is suppressed by daylighting, which enables us to improve regular light–dark rhythms that can help individuals gain satisfactory rest [15,16,17,18]. Daylighting will be used for various applications and it has outstanding solutions to reduce energy consumption for internal building areas. The regular daylight system comprises a top skylight and a window. Windows allow natural light to illuminate the interior of a building while also allowing for the transfer of heat. Some areas of a building cannot be reached by natural light, so they do not heat up as much as the external parts of the structure [19]. The effects of inadequate daylight deeper in a building necessitate extra use of electricity from lighting, which contributes to approximately 30% of total energy consumption [20].



The conservation of artificial lighting during the daytime allows for great energy saving [21,22]. Architectural structures can be designed to provide adequate and efficient daylight for the internal areas of a building, which will result in energy conservation [19,23,24,25,26]. Daylight illuminates the inside of a building and transfers infrared radiation, which can be significantly absorbed by water vapor in the air, which is an important cause of thermal gain in buildings [27,28]. As a result of excessive heat gain in the building, ventilating fans and air conditioners are essential for providing a cool, controlled environment, removing the hot air from the building, or cooling the interior air. This is necessary for providing a comfortable environment for the inhabitants. This requires significant power consumption. To significantly reduce thermal accumulation in buildings and appropriately utilize natural lighting, the top of the test box was designed and constructed using wood and glass cylinders filled with distilled water. Our experiment concentrated on testing both thermal performance and the amount of natural light inside the box by using various glass cylinders that were constructed to meet the required heat transfer reduction and energy conservation levels within buildings.




2. Materials and Methods


2.1. Testing Model Design, Temperature, and Illuminant Measurements under Controlled Conditions


The thermal and illuminant performance of our model, which was constructed from wood on five sides and insulated using polyethylene sheets with different configurations of glass inserted into the top of the box, were investigated using nine different cylindrical glass designs. The dimensions of our model had an area of 1 m2, and a volume of 1 m3, as shown in Figure 1. The top of the testing unit was interchanged using two glass cylinders (2S), four glass cylinders (4S), and six glass cylinders (6S) to allow light to enter the box, creating illumination within it. Each glass design was constructed as either a single layer of glass (G), two layers of glass (2G) or two layers of glass filled with distilled water (2GW), as shown in Figure 2. Insolation was provided by nine 500 W halogen lamps placed 0.25 m away from the top of the unit. The nine lamps were calibrated to deliver a light intensity of 1000 W/m2, which was regulated using a basic voltage control device. K-type thermocouples with an accuracy of ±0.5 °C were employed to measure the temperature changes, and were attached to both the exterior and interior surfaces of the glass and the top of the unit using thermal paste to ensure good thermal contact, and were insulated using aluminum foil tape. The ambient temperature in the laboratory was set at approximately 25 °C using an air conditioner. The temperature inside the box was measured by suspending a thermocouple in the center of it. All data were recorded at 2 min intervals continuously for 3 h using a data logger, and the illuminance was measured using a lux meter (DIGICON LX-70).




2.2. Testing the Boxes’ Thermal Behaviors and Illuminant Measurements under Natural Light and Weather Conditions


The following experiment was conducted under natural light and weather conditions. The surrounding solar radiation intensity swung from 0 to 0.840 kW/m2 throughout the day between 6:00 a.m. to 6:00 p.m. The surrounding temperature fluctuated between ~24 °C in the morning and the maximum value of approximately 35.8 °C at around 1:00 p.m. Wind speed surrounding the testing area was between 0.10 and 3.50 m/s. The thermal and illuminant performance of the optimum model was further studied using two experimental boxes, as shown in Figure 3. Both test boxes were built to the same specifications using identical materials. The ambient temperature, internal temperature, and exterior and interior surface temperatures of the top of the units were measured and recorded at 5 min intervals continuously for 12 h in actual ambient conditions. A pyranometer was set in an outdoor area to measure the solar radiation intensity, and the wind speed was recorded using an anemometer. The illuminance measurement was recorded using a lux meter (DIGICON LX-70).





3. Results and Discussion


3.1. Surface Temperatures on the Top and Internal Temperatures of Each Model under Controlled Conditions


The exterior (Tgo) and interior (Tgi) glass surface temperatures on the top of the box, the exterior (Two) and interior (Twi) surface temperatures of the wooden top, and the internal temperature (Tr) and ambient temperature (Ta) of the testing model, using two glass units constructed from two layers of glass sealed with air inside (2S-2G), are shown in Figure 4. While controlling the artificial light intensity at 1000 W/m2, the temperature variations in each position were observed for 180 min. When the testing time exceeded 40 min, the temperature in each location remained stable. The temperature values for longer than 40 min were calculated to determine the average temperatures in each position, as exhibited in Figure 5 and Figure 6. For the 2S-2G, the average temperatures of Tgo, Tgi, Two, Twi, Tr, and Ta were approximately 58.7 °C, 63.5 °C, 66.8 °C, 77.7 °C, 37.2 °C, and 24.9 °C, respectively, as shown in Figure 4, Figure 5 and Figure 6. The average temperatures of the other glass units were similar to those of the 2S-2G, as exhibited in Figure 5 and Figure 6.



The internal temperatures of the 2S-G, 2S-2G, 2S-2GW, 4S-G, 4S-2G, 4S-2GW, 6S-G, 6S-2G, and 6S-2GW, increased until they reached a steady value at a testing time of longer than 40 min, as shown in Figure 4. The average internal unit temperatures of the models were approximately 35.6 °C, 37.2 °C, 34.4 °C, 38.0 °C, 38.8 °C, 37.8 °C, 38.0 °C, 38.4 °C, and 36.3 °C, respectively, as shown in Figure 6. It was observed that the internal temperature of the 2S-2GW was lower than those of the 2S-G, 2S-2G, 4S-G, 4S-2G, 4S-2GW, 6S-G, 6S-2G, and 6S-2GW units, which were 1.2 °C, 2.8 °C, 3.6 °C, 4.4 °C, 3.4 °C, 3.6 °C, 4.0 °C and 1.9 °C, respectively. The two glass units constructed from two layers of glass sealed with distilled water inside (2S-2GW) reduced the inside unit temperature by more than 3% when compared with the other glass units. This demonstrated that a decrease in heat propagation from the exterior surface to the interior was achieved in the test unit. This clearly indicates that the optimum glass units, which were filled with distilled water, demonstrated optimal insulating properties, which led to a reduction in the heat transmission load. The lower interior temperature of the box created by the 2S-2GW unit could lead to energy savings in buildings and a significant reduction in the yearly peak cooling requirement [29,30,31].




3.2. Indoor Illuminance under Controlled Conditions


The average illuminances of the nine different glass designs (2S-G, 2S-2G, 2S-2GW, 4S-G, 4S-2G, 4S-2GW, 6S-G, 6S-2G, and 6S-2GW) are shown in Figure 7. When using the 2S-G, 2S-2G, and 2S-2GW in a two-unit configuration, the average interior illuminances decreased from 710 lux to 549 lux, respectively. The average illuminances of the 4S and 6S were similar to those of the 2S, as displayed in Figure 7. Although the average interior illuminances decreased when the model of the two layers of glass filled with distilled water was used instead of the single glass unit, the illuminance level of this configuration was in the range of 300–500–750 lux, which is also based on the International Commission on Illumination standard. Additionally, this unit reduced the room temperature by more than 3% when compared with the single glass unit. When using the single layer of glass in a configuration of two, four, or six units, the average illuminance values increased from 710 lux to 748 lux, respectively, as shown in Figure 7. For the cases of the two-layer glass (2G) and the one filled with distilled water (2GW), the average illuminances were similar to that of a single layer of glass (G), as shown in Figure 7. This demonstrated that an increase in the number of glass units directly increased the illumination. The average interior illuminance of each of the nine configurations was in the range of 300–500–750 lux, which achieved the International Commission on Illumination standard (CIE standard).




3.3. Comparison of Thermal Behavior and Inside Illuminance under Natural Weather Conditions


The difference between the thermal behaviors and interior illuminance of two of the models was investigated using two glass units, with two layers of glass filled with distilled water (2S-2GW) in only one of the models under natural weather conditions, which were concurrently tested from 6:00 a.m. to 6:00 p.m. daily for three days, giving a 12 h test cycle (29 October, 31 October, and 4 November 2019). The fluctuations in the solar radiation, ambient temperature, interior surface temperature, exterior surface temperature, and room temperature of the two models were examined and compared, as illustrated in Figure 8, Figure 9, Figure 10 and Figure 11 and Table 1 and Table 2.



3.3.1. Surface Temperature Fluctuation


Periodically, clouds altered the intensity of solar radiation throughout the day from 6:00 a.m. to 6:00 p.m. with a maximum intensity of approximately 0.840 kW/m2 at around midday, as shown in Figure 8, Figure 9 and Figure 11. The surrounding temperature was affected by both the weather conditions and the wind speed which was recorded at 0.10 to 3.50 m/s. The surrounding temperature fluctuated between ~24 °C in the morning, around 6:00 a.m., and approximately 35.8 °C at around 1:00 p.m.



The surface temperature fluctuation of the reference model is shown in Figure 8 and Table 1. The average maximum exterior and interior temperatures of the wooden top, and the ambient temperatures for three days reached as high as 47.6 °C, 50.7 °C, and 35.8 °C, at around 12:00, 12:30, and 1:00 p.m., respectively, and then decreased in value. The average exterior and interior surface temperatures of the wooden top, and the ambient temperatures for three days, were approximately 36.3 °C, 38.1 °C and 31.2 °C, as listed in Table 2, which were observed consecutively from 6:00 a.m. to 6:00 p.m. each day.



The surface temperature variation of the 2S-2GW model is exhibited in Figure 9 and Table 1. The average highest exterior and interior temperatures of the wooden top, and the glass top, including the ambient temperatures for three days, reached as high as 43.8 °C, 50.1 °C, 39.5 °C, 48.1 °C, and 35.8 °C, at around 12:00 p.m., 1:00 p.m., 12:00 p.m., 1:00 p.m., and 1:00 p.m., respectively, and then decreased in value, while the overall averages were approximately 34.7 °C, 38.2 °C, 33.0 °C, 38.3 °C, and 31.2 °C, respectively, as shown in Table 2, which were observed consecutively from 6:00 a.m. to 6:00 p.m. each day.




3.3.2. Temperature Gradient


The temperature gradients on both the interior and exterior surfaces of the top of the two test units were investigated for three days, as shown in Figure 10. The temperature gradients on the top surface of the units were positive when the outer surface temperatures were higher than those inside, while the temperature gradients on the top surfaces were negative when the outer surface temperatures were less than those of the interior. The temperature gradients of the 2S-2GW and reference models had a positive gradient of temperature for three days, with the highest average values being approximately 23 °C/m and 26 °C/m around midday, which then decreased in value during the afternoon. The temperature gradients of the top of the 2S-2GW glass units after 9:00 a.m. were negative when the temperature on the outer surface was lower than that of the inside of the model. The average maximum negative value on the top of the 2S-2GW glass unit surfaces was approximately 15 °C/m. This shows that the heat from the surrounding weather can obviously transfer to the inside of the box during the daytime, while part of the heat can flow through the glass and back into the ambient weather at the same time. This relates to a decrease in heat accumulation within the box when using the 2S-2GW glass unit, and implies a conservation of energy consumption from cooling loads in buildings, which is clearly a significant result.




3.3.3. Indoor Space Temperature and Illuminance


Figure 11 presents the variations of the inside space temperatures of the 2S-2GW and reference models. The natural fluctuation in solar radiation, surrounding temperature, and exterior and interior surface temperatures on the top of the boxes affected the inside space temperatures, which varied throughout the day, and were recorded from 6:00 a.m. to 6:00 p.m. for three days. It was observed that the inside temperatures of the two test units were approximately equal between 6:00 a.m. and 10:00 a.m., and then after 10:30 a.m. their temperatures started to diverge, which was due to different peak temperatures being reached at various times. The interior temperatures of the 2S-2GW and reference units rose more rapidly, and achieved the highest peak value of 40.4 °C and 41.4 °C, as shown in Table 1, which averaged at 12:30 p.m. and 12:00 p.m., respectively. The average inside temperatures of the 2S-2GW and reference test unit were 34.3 °C and 34.8 °C, respectively, over a period of three days, as shown in Table 2. It was observed that the peak and average temperatures inside the 2S-2GW were lower than the reference model by around 1.0 °C and 0.5 °C, which demonstrates a decrease in heat propagation from the exterior surface to the interior. Using the 2S-2GW glass units to reduce the temperature in a room allows for energy saving in buildings and a significant decline in the yearly peak cooling requirement [29,30,31].



The average indoor illuminance of the 2S-2GW is shown in Figure 12. The average indoor illuminance increased and reached its highest at around midday, and then dropped in value, which was recorded between 300 and 750 lux from 9:00 a.m. to 3:00 p.m. The interior illuminance of the 2S-2GW glass unit was in the range 300–500–750 lux, which adhered to the International Commission on Illumination standard (CIE standard). If this glass unit was to be adopted into buildings according to geographical locations in the tropics, the energy consumption reduction in both the cooling load of air conditioners and artificial lighting would be achieved, creating a significant decline in the yearly peak energy consumption requirement. Although a life cycle assessment of the 2S-2GW roof window costs has not been investigated in this specific context, we may analyze a more widespread context in the next work. In view of long-term benefits, the design using the two glass units that had two layers of glass filled with distilled water can reduce the internal space temperature at the highest peak and provide adequate and efficient daylight illuminance, which leads to this new form of knowledge.






4. Conclusions


This paper contained sufficient contributions which were based on sound scientific knowledge. The application of natural light integrated into the test box was successfully investigated by using the novel glass units, which provided adequate and efficient daylight illuminance into its interior and decreased heat transmission through the building frames. The average highest room temperature of the two glass units that had two layers of glass filled with distilled water decreased the value at the highest peak of the day by 1.0 °C when compared with that of the reference testing model under natural weather conditions. The average internal illuminant values for three days were in the range of 300 to 750 lux from 9:00 a.m. to 3:00 p.m., which agreed with the standard of the International Commission on Illumination. Lower room temperatures were achieved by utilizing the integration of natural light into buildings which led to the conservation of energy consumption from the cooling load of air conditioners and lighting systems. This demonstrates a significant decline in yearly peak cooling and lighting energy consumption.
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Figure 1. (a) View of the test unit in controlled conditions. (b) Fixed locations of the thermocouples for temperature testing. 
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Figure 2. Views of the glass units. 
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Figure 3. View of the testing boxes in actual weather conditions. 
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Figure 4. Temperature variations at different locations of the 2S-2G glass units. 
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Figure 5. Comparison of the internal and external temperatures of the top surface of the box and the nine glass units. 
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Figure 6. Comparison of internal unit temperatures of each configuration of the glass units. 
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Figure 7. Comparison of illuminance of each of the configurations of the glass units. 
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Figure 8. Reference testing of the exterior and interior surface temperatures of the box under natural weather conditions: (a) 29 October 2019, (b) 31 October 2019, and (c) 4 November 2019. 
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Figure 9. Testing the exterior and interior surface temperatures of the 2S-2G glass unit under natural weather conditions: (a) 29 October 2019, (b) 31 October 2019, and (c) 4 November 2019. 
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Figure 10. Comparison of the temperature gradients of both boxes under natural weather conditions: (a) 29 October 2019, (b) 31 October 2019, and (c) 4 November 2019. 
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Figure 11. Inside temperatures of the two testing units under natural weather conditions: (a) 29 October 2019, (b) 31 October 2019, and (c) 4 November 2019. 
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Figure 12. Variability of the average indoor illuminance under natural weather conditions: (a) 29 October 2019, (b) 31 October 2019, and (c) 4 November 2019. 
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Table 1. Average highest temperatures at different locations of the reference and 2S-2GW glass models under natural weather conditions for three days.
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Day

	
Type of Model




	
Reference

	
2S-2GW




	
Two (°C)

	
Twi (°C)

	
Tr (°C)

	
Ta (°C)

	
Two (°C)

	
Twi (°C)

	
Tgo (°C)

	
Tgi (°C)

	
Tr (°C)

	
Ta (°C)






	
1st

	
52.4

	
53.3

	
43.0

	
37.8

	
46.4

	
53.6

	
43.4

	
49.8

	
42.3

	
37.8




	
2nd

	
47.0

	
49.3

	
39.9

	
34.4

	
45.4

	
49.3

	
37.8

	
47.8

	
39.5

	
34.4




	
3rd

	
43.4

	
49.6

	
41.3

	
35.3

	
39.7

	
47.4

	
37.3

	
46.7

	
39.4

	
35.3




	
Avg.

	
47.6

	
50.7

	
41.4

	
35.8

	
43.8

	
50.1

	
39.5

	
48.1

	
40.4

	
35.8
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Table 2. Average temperatures at various positions of the reference and 2S-2GW glass units under natural weather conditions.






Table 2. Average temperatures at various positions of the reference and 2S-2GW glass units under natural weather conditions.





	
Day

	
Type of Model




	
Reference

	
2S-2GW




	
Two (°C)

	
Twi (°C)

	
Tr (°C)

	
Ta (°C)

	
Two (°C)

	
Twi (°C)

	
Tgo (°C)

	
Tgi (°C)

	
Tr (°C)

	
Ta (°C)






	
1st

	
39.4

	
40.6

	
37.1

	
33.2

	
35.7

	
41.0

	
35.7

	
40.5

	
36.7

	
33.2




	
2nd

	
34.9

	
36.1

	
33.1

	
29.8

	
34.1

	
36.4

	
31.1

	
36.8

	
32.7

	
29.8




	
3rd

	
34.7

	
37.7

	
34.3

	
30.6

	
34.3

	
37.3

	
32.3

	
37.7

	
33.6

	
30.6




	
Avg.

	
36.3

	
38.1

	
34.8

	
31.2

	
34.7

	
38.2

	
33.0

	
38.3

	
34.3

	
31.2
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